This chapter provides a comprehensive review of miniaturized immunoassays. The economic considerations and user needs are discussed. There is a comprehensive analysis of the fundamentals of miniaturization, explaining how the relative effects of forces like surface tension and gravity change as devices and fluidics are reduced in size. These effects can be harnessed to manage flow and other kinetic elements, using forces such as capillary flow. Other means of fluid actuation and movement are described. There is a review of the types of device available, including a systematic look at the key elements of an immunoassay: antibodies, capture/solid phase, calibration, and signal generation and detection, which are covered in further detail. Methods used for microfluidic flow control are described. Analytes for which microfluidic devices have been reported are listed. There is a comprehensive list of commercial microfluidic immunodiagnostic systems, with sources of further information. The final part of the chapter covers microarrays and the detection methods associated with them. This part includes tables of label-free detection methods and commercial microarray systems, The outlook for microarrays in clinical diagnosis is considered.

In the Products part (7) of this book, many different commercially available immunoassay systems are described. The instrumentation ranges in size from floor-standing laboratory analyzers to compact point-of-care (POC) testing devices. The first POC tests (for human chorionic gonadotropin) were based on agglutination on a slide ([@bib178]) and since then there has been a continuous expansion in the available range ([@bib103], [@bib166], [@bib168], [@bib190], [@bib61]). Although conventional POC tests were self-contained and comparatively small, the reagents and reaction vessels could easily be seen without the aid of magnification. However, over the last decade or so a large variety of microscale immunoassays have been demonstrated within research laboratories, and a considerable number is already in the market place with a strong pipeline of near market-ready devices. While some of the microscale immunoassays have nanoscale elements, true nanofluidic immunoassays are still in the early development stage, and it remains to be seen if they can become technically and commercially viable.

There are a number of primary objectives of miniaturization:•Financial---reduction in the costs of biological materials consumed and the manufacturing processes.•Environmental---reduction in biohazardous solid and liquid waste and packaging.•Simplification---integration of all of the immunoassay steps (including sample preparation, analysis, data handling, and result presentation), which is essential for POC, single use assays.•Mobility---ease of use in field situations, e.g., in resource poor settings.•Scope---capability for multiple simultaneous testing for many different analytes, for example, in proteomic studies.•Speed---faster reaction kinetics arising from shorter diffusional distances.

Taking the concept of assay miniaturization further, the analyzer instrumentation may also be re-engineered to become integral with the test unit, resulting in fully disposable immunodiagnostic tests. Microchip-based analyzers have a number of potential advantages and benefits when compared with conventional macroscale analyzers ([Table 1](#t0010){ref-type="table"} ).TABLE 1Selected Advantages and Disadvantages of Miniaturized Analyzers**Advantages**High-volume low-cost manufactureRapid low-cost design cyclesLow sample volumeRapid analysisSimultaneous multi-analyte assaysIntegration of analytical steps (LOC)Small footprint facilitates extra-laboratory applicationsEncapsulation for safe disposalDisposable**Disadvantages**Nonrepresentative samplingSensitivity limitationsHuman interface with microchipsCalibrationCost per test

The idea to integrate complex analytical functionality into small compact devices is based on the concept of **micro total analysis systems** (**µTAS**), as first postulated by Manz and coworkers in the early 1990s ([@bib127], [@bib128]). The concept is aimed at integrating as many as possible of the processing steps of sampling, sample pretreatment, separation, detection and data analysis into compact **lab-on-a-chip** (LOC) devices. Distinguishing these devices from immunosensors is the ability to incorporate a separation step, thereby avoiding typical sensor problems related to multi-analyte detection and interference ([@bib68], [@bib67]). Although lateral flow tests may be regarded as a form of LOC, these are discussed elsewhere (*see* L[ateral]{.smallcaps} F[low]{.smallcaps} I[mmunoassays]{.smallcaps}).

**Microchips** as required for LOC-based devices are miniaturized assemblies, typically involving dimensions between 100 nm and 1 mm. Usually, these chips are two-dimensional in appearance and manufactured as a series of layers. **Microfluidic** microchips (also called **fluidic microchips**) are chips that contain chambers interconnected by narrow channels, along which sample and reaction fluids are transferred. Different assay stages are performed at different locations on the chip. Internal volumes depend on the cross-section and geometry of the particular structures but are usually in the nanoliter to microliter range.

**Bioelectronics** chips have an interface between biomolecules (antibodies, antigens, or signal generating molecules) and nonbiological materials, resulting in a transfer or modulation of signal from the biomolecule to the device, which can be amplified electronically. They contain built-in electrical components in combination with fluidic elements. The electrical components (e.g., electrodes) are located within, for example, a microchamber, and used to manipulate a fluid, or constituents thereof, contained within the chamber ([@bib174]). The chip is usually fabricated on an electronic board that provides the connections to the electrical components within the chip and plugs into a controller--monitor.

In its original form, a **microarray** comprised an ordered collection of reagents immobilized on the surface of a small, planar piece of silicon, glass, or plastic (a chip) ([@bib182], [@bib183]). The array is formed by spotting, stamping, or depositing the reagents or by *in situ* synthesis of the reagents on the surface of the chip, and the location of the reagent on the array is used for identification. In an alternative, bead-based, format, the reagents are coupled to micron size beads of differing optical properties that are capable of being individually identified during measurement. Microarrayed reagents have included complementary deoxyribonucleic acid (cDNA), oligonucleotides, aptamers, antibodies, affibodies, antigens, oligopeptides, and tissue sections. The size, density, and number of locations (**microspots**) on an array vary widely. Spot sizes are often less than 100 µm, and arrays with hundreds of spots per square centimeter are in routine use.

**Microfabrication** of early microfluidic systems was mainly based on etching of glass or silicon substrates followed by thermal bonding to yield enclosed channels ([@bib125]). Immunoassay applications focused on homogeneous formats with an electrophoretic separation step. Over the last 10  years or so, there has been a marked shift toward polymer chips fabricated by injection molding or embossing, followed by lamination ([@bib12], [@bib118], [@bib11]). These replication-based approaches make low-cost microfluidics a reality, as needed for disposable POC immunodiagnostics. Typical substrate materials include polystyrene, polycarbonate, polymethylmethacrylate, and cyclic olefin copolymers ([@bib150]). Polydimethylsiloxane (PDMS) devices have found widespread use in the academic domain, as they can be manufactured by a simple casting process, and the surface can be functionalized for immunoassay requirements ([@bib136], [@bib191], [@bib241]). Interestingly, injection molding of thermoplastics and casting of PDMS can be extended into nanoscale patterning ([@bib8]).

It is perhaps inevitable that immunoassay scientists and engineers, who have already proved to be exceptionally innovative, find themselves drawn to nanotechnology. Since immunoassays are effectively molecular reactions, immunoassays appear to lend themselves to miniaturization, with potential advantages of cost reduction and greater capacity. **Nanotechnology** describes systems that operate at the atomic, molecular, or macromolecular level with dimensions less than 100 nm. Although immunoassays involve molecular interactions, to qualify as nanotechnology, the system must have an element of structure, fabrication, or control at this scale. It includes larger structures that are assembled from components at the nanometer scale and **nanoparticles**, which have a size of 100 nm or less.

Compared to microfluidics, which can be filled *via* passive capillarity or actuation based on the application of, e.g., a pressure differential, electric fields, rotational forces, or dynamically altered surface wettability, the driving of fluids at the nanoscale necessitates novel **nanofluidic** approaches to overcome the dominating surface effects ([@bib199], [@bib44]). While a multitude of nanoscale analytical systems has already emerged, immunodiagnostic devices have so far been elusive ([@bib198], [@bib148]).

To understand the challenges and potential advantages of micro- and nanoscale immunoassays, some basic theoretical principles need to be understood. At the micro- and nanoscale, there are many differences from conventional immunoassays.

Fundamentals of Miniaturization {#s0010}
===============================

There are a number of fundamental differences between macroscale and micro- or nanoscale analytical systems as described in a number of publications ([@bib94], [@bib57], [@bib107]). These changes affect immunoassays mainly in terms of fluid flow and the number of analyte molecules being sampled, i.e., the "detectability issue." While this section focuses on the microscale format, nanoscale considerations are also introduced.

Viscosity and Surface Tension {#s0015}
-----------------------------

**Surface tension** results from the intermolecular attractive forces at the surface of a liquid and is strong for water, due to the hydrogen bonding between adjacent water molecules. In aqueous biological fluids such as blood, urine, and sputum, additional intermolecular attractive forces create higher surface tension and increase **viscosity**.

Even at the centimeter scale, surface tension can affect the distribution of sample and reagents in an assay vessel, such as a microtiter^®^ plate well. As the size of an object decreases, its volume and inertia decreases by a power of three. Surface tension only decreases linearly with downscaling. Hence at the micro- and nanoscale surface tension is the dominant force, and control of surface properties becomes crucial.

**Wetting** is the ability of a solid surface to be contacted by a liquid wetting phase. The degree of wetting, or **wettability**, is determined by the balance of adhesive forces on the surface (free surface energy) and cohesive forces within the wetting phase (surface tension). The wetting phase will tend to spread on the solid surface, and a porous solid will tend to imbibe the wetting phase. In the case of immunoassays, it is important that the channels along which fluids pass have a high wettability for aqueous solutions. Wettability is determined by measuring the **contact angle** of a drop of the aqueous solution on the solid, which may be plastic, glass, or metal.

Surface tension can be corrected for by using hydrophilic surfaces that attract the droplet. There are a number of methods used to increase the wettability of plastics used in assay devices. They include corona discharge and plasma treatment. Chemical surface treatments include cleaning, priming, coating, and etching. Increasing temperature decreases surface tension (and viscosity) but has limited potential with immunoassays as proteins denature at higher temperatures. Surfactants may also be added to the sample or flow matrix to enable wetting of hydrophobic surfaces such as injection molded plastics. However, surfactants may interfere with immunoassay binding.

Capillary Flow {#s0020}
--------------

**Capillary flow** exploits surface tension effects in high surface-to-volume media including porous substrates (e.g., nitrocellulose-based lateral flow devices) and enclosed microstructured surfaces (e.g., microchip-based immunodiagnostics) ([@bib45]). Water molecules are attracted by hydrophilic surfaces on the inside of such media, causing the leading edge of a narrow tube of water to move along, even against the force of gravity. Capillary action occurs when the adhesion to the walls is stronger than the cohesive forces between the water molecules. The same attraction between water molecules that is responsible for surface tension causes the leading water molecules to pull the neighboring water molecules along behind them. Capillary forces are exerted at the contact perimeter of liquid and channel walls and therefore scale favorably with miniaturization. This is due to the perimeter becoming larger relative to the channel cross-sectional area upon downscaling. During capillary filling of microchannels, the meniscus proceeds with the square root of time based on the linearly increasing flow resistance of the filled channel segment, as described by the Lucas--Washburn equation ([@bib37]). However, this slowdown of passive filling in constant cross-section channels can be overcome by tailoring the device geometry and/or the surface hydrophobicity, effectively yielding "programmable" passive microfluidic circuits.

Electroosmotic Flow {#s0025}
-------------------

For electrokinetic microscale immunoassay systems, **Electroosmotic flow (EOF)** is a convenient means of fluid actuation. EOF is based on the formation of ion layers on charged surfaces, for instance microchannels on glass, silicon, or plasma-treated plastic substrates. Here, sample constituents form static and mobile layers of counter ions on the charged surface. When an electric field is applied along the channel, the mobile counter ion layer will migrate toward the oppositely charged electrode. For microscale systems this will generate a bulk flow of liquid in the channel. EOF is convenient for manipulating fluid around a microchip *via* electric fields but does require charged surfaces, which are more difficult to obtain on injection molded plastic microfluidics.

The Effects of Reduced Volume on Low-Concentration Samples {#s0030}
----------------------------------------------------------

The concentration of analyte in a sample is constant, regardless of the sample size. As the sample size is reduced, the number of molecules in the sample decreases. Immunoassay analytes are typically in the micro-, nano-, or picomolar concentration range.

From [Table 2](#t0015){ref-type="table"} , it can be seen that this places a fundamental restriction on scale for immunoassays. If the sample size is 1 fL, the scale of the sample is 1 µm^3^, which is 10 times larger than a true nanotechnology component. Yet if the sample has a concentration of 1 nmol, there is a reasonable chance that not one molecule of analyte will be in the sample.TABLE 2Effect of Volume on Number of Molecules in a Sample Containing 1 nmol Analyte per LiterVolumeDimensionsNumber of Molecules1 L100 mm × 100 mm × 100 mm6 × 10^14^1 mL10 mm × 10 mm × 10 mm6 × 10^11^1 µL1 mm × 1 mm × 1 mm6 × 10^8^1 nL100 µm × 100 µm × 100 µm600,0001 pL10 µm × 10 µm × 10 µm6001 fL1 µm × 1 µm × 1 µm0 or 1

The impact of low volume on the assay of low-concentration samples is different for qualitative and quantitative determinations. If a theoretically perfect immunoassay could be developed with a detection efficiency of 100% (i.e., it detects every molecule that is in the sample) and a signal-to-noise ratio of greater than 1000, then a *qualitative* assay could be designed based on a sample volume of less than 200 fL in the example above. However to reduce the error of a *quantitative* immunoassay to 1%, the number of analyte molecules has to be 10,000 (because the standard deviation is approximately equal to the square root of the number of molecules), and the sample size would have to be 17 pL.

One way to alleviate the problem of sample volume in a nanoscale device is to draw the required volume of sample across the device, so that the number of molecules brought into contact with the capture antibody or antigen is increased ([@bib43]). Time integrated flow-through systems with antibody or antigen immobilized onto a surface allow analyte to be absorbed and concentrated at one point. However, it is important to remember that in both competitive and immunometric immunoassays, the volume of sample needs to be defined either *via* fixed volume addition or constrained by system design. The notable exception to this rule is ambient analyte immunoassay (*see* A[mbient]{.smallcaps} A[nalyte]{.smallcaps} I[mmunoassay]{.smallcaps}).

Effect of Reduced Volumes on Kinetics {#s0035}
-------------------------------------

A beneficial effect of immunoassay miniaturization is the reduced distance that molecules need to travel. The time it takes for a molecule to diffuse, scales with the second power of the diffusion distance and is inversely proportional to the molecule's intrinsic diffusion coefficient, which is mainly governed by the molecule's size.

In liquid-phase assays, all molecules move freely in solution. Unless the sample is excessively diluted by the assay reagents, the volume does not directly affect the chance of antigen and antibody coming into contact. But as assay methodology has progressed the focus has moved to heterogeneous, solid-phase immunoassay, a format that requires a separation step. In solid-phase assays, one of the key reactants is immobilized. This reduces the speed with which the assay progresses as only the reactant in the liquid phase can freely move about. The use of very small volumes with associated shortened diffusion times in microscale assays therefore increases the reaction rate and decreases the time required to equilibrium, resulting in overall reduced analysis times.

A further approach to enhance kinetics is to move the sample across a detector for a period of time or to use electric fields to attract molecules to binding surfaces. In this flow-through configuration, it is important to minimize the diameter of the flow cell comprising the immobilized capture antibody ([@bib80]). Electric methods to attract biomolecules to sensing surfaces include electrothermal effects ([@bib192], [@bib53]) and dielectrophoretic approaches ([@bib233], [@bib69]); for more details, see recent reviews ([@bib217], [@bib174]).

Toward Nanoscale Analysis Systems {#s0040}
---------------------------------

Interestingly, a lot of the above considerations need to be refined for nanoscale analysis systems. Conventional scaling laws seem to break down at the nanoscale, with an additional "detectability" issue in that too few molecules are present for representative detection ([@bib94]). This could be partially responsible for the lack to date of meaningful nanoscale immunoassay systems. However, it should be pointed out that much of the nanotechnology research is still in its infancy and that the detectability issue can be overcome through systems that are nanoscale only in one dimension and/or through time integration approaches where the signal is built up over time ([@bib43]).

Immunoassay Design at Micro- and Nanoscale {#s0045}
==========================================

Assay Format {#s0050}
------------

There are two commonly used immunoassay formats: **competitive** and **immunometric** (also referred to as noncompetitive) (*see* Principles of Competitive and Immunometric Assays). A fundamental limitation of competitive immunoassays is that the signal levels at zero and very low concentrations of analyte are relatively high, causing a low signal-to-noise ratio and impaired sensitivity. Since micro- and nanoscale immunoassays produce very low levels of signal, it is advantageous to use the immunometric format to maximize the signal-to-noise ratio.

The effective removal of unbound signal-generating moieties is crucial to heterogeneous immunoassay performance, i.e., the ultralow concentration of bound label can only be measured precisely if all unbound label is washed away. While active washing steps can be incorporated into microfluidic immunodiagnostic devices, for passive sys-tems it can be very challenging to achieve separation efficiencies \>99.99% as routinely employed in automated clinical analyzers (*see* S[eparation]{.smallcaps} S[ystems]{.smallcaps}).

As a subcategory of heterogeneous assays, the ambient analyte assay format offers two distinct advantages. First, it is unique in that sample dosing is not required, as capture antibody only "samples" analyte in close vicinity of the antibody zone. Secondly, this assay format involves small microspots of antibody, typically less than 100 µm in diameter and spaced less than 50 µm apart, which lends itself to manufacture at the microscale and immunoassay arrays (*see* A[mbient]{.smallcaps} A[nalyte]{.smallcaps} I[mmunoassay]{.smallcaps}).

In homogeneous immunoassays, both detection antibody and analyte are in the liquid phase. Most homogeneous immunoassay formats tend to have less sensitivity than heterogeneous assays but offer a distinct advantage in not requiring a separation step to remove unbound labeled detection antibody (*see* [Homogeneous Immunoassays]{.smallcaps}).

Separation-based systems include affinity-based electrophoretic and electrochromatographic assays, both generally referred to as **electrokinetic** assays ([@bib84]). Electrokinetic separation assays can be further differentiated into the following categories: (i) **affinity preparative**: affinity-based binding occurring before or during separation, (ii) **pre-equilibrated affinity assays** *:* affinity reagents and sample mixed to equilibrium before chip-based separation, and (iii) **on-chip equilibrated affinity assays**: affinity reagents and sample mixed dynamically in a separation channel. The affinity preparative approach can be used for immunoenrichment or immunodepletion ([@bib18]). This can help to lower the detection limits and widen the dynamic range of immunodiagnostic assays, in particular when performed in complex clinical samples ([@bib140]). LOC-based microfluidic systems are well suited for on-chip equilibrated affinity assays, as multiple steps can be integrated onto a single chip, with parallel processing as an added option. The simultaneous determination of four hormones in blood, saliva, and urine after immunoextraction, labeling, electro-elution, and 2min electrophoretic separation has already been demonstrated ([@bib222]). The immunoaffinity sample preparation has even allowed the analysis of skin biopsy samples for 12 inflammation markers, again with electrophoretic separation of all markers bound to a fluorescently labeled detection antibody ([@bib163]). Other electrokinetic separation-based microfluidic immunodiagnostic systems include a device for measuring anti-inflammation drugs in plasma ([@bib164]), a four channel system for monitoring insulin islet secretion ([@bib39]), and a device for simultaneous quantification of four cancer markers in serum after a 50s electrophoretic separation ([@bib231]).

Yager and coworkers have developed diffusion-based immunoassays where bound and unbound detection antibodies are differentiated by diffusivity changes. Micronics Inc., Redmond, WA, USA has developed a competitive homogeneous immunoassay in a T-sensor fabricated on a glass-Mylar-glass hybrid chip that comprises two fluid inlets that lead to two channels that merge into a single 100µm-deep × 1200µm-wide channel that connects to a fluid outlet ([@bib101], [@bib72]). Under laminar flow conditions, the two fluid streams (the antibody reagent and the sample spiked with fluorescein-labeled antigen) flow side-by-side, and the only mixing is by diffusion. Diffusion of antigen into the parallel stream is governed by the fraction that binds to antibody in the parallel flowing stream. Competition between sample antigen and labeled antigen for binding sites in the antibody stream provides the basis for antigen quantitation. An advantage of this assay is that diluted whole blood can be assayed without the need to remove red cells. An assay for phenytoin in whole blood (10- to 400-fold dilution) required less than 1 min and detected 0.43nM phenytoin ([@bib72]).

Integrated Disposable *versus* Cartridge--Reader Configurations {#s0055}
---------------------------------------------------------------

An important consideration for immunoassay design is the targeted immunodiagnostics format. The components of an ideal immunodiagnostic device for POC are illustrated in [Fig. 1](#f0010){ref-type="fig"} .FIGURE 1Components of an ideal POC diagnostic device. The device quantitatively detects several analytes from body fluids within minutes at adequate sensitivity and reports the encrypted results to an electronic health record. The microfluidic chip is disposable with a material cost of less than \$1 in volume production.(The color version of this figure may be viewed at [www.immunoassayhandbook.com](http://www.immunoassayhandbook.com){#interref1}). Legend adapted, graphic reproduced from Gervais *et al*. (2011a) with permission. Copyright 2010 IBM Corporation.

Most devices targeted at the POC are in a cartridge--reader configuration (e.g., Alere TRIAGE^®^ system) while fully disposable tests are also emerging (e.g., Bayer A1CNow+^®^), mainly targeted at home testing and low-resource settings. An overview of key considerations derived from the targeted device format is provided in [Table 3](#t0020){ref-type="table"} .TABLE 3Key Considerations for Different Immunodiagnostics ConfigurationsIntegrated DisposableCartridge--ReaderAssay format•Mainly heterogeneous format•All reagents on chip, no access to washing buffer, excess sample used•Homogenous format difficult to implement•Diffusion-based homogeneous format feasible•Mainly heterogeneous format•Sample or external buffer used for washing•Electrokinetic separation for homogenous format optional•Diffusion-based homogeneous format feasibleFluid actuationPassivePassive or activeCalibrationFixed at manufacture (stored on chip)Can be adjusted to prolong shelf life or provide accuracy verificationDetectionSimple, low-cost integratedCan be complex in reader

A key constraint for fully disposable devices is the difficulty of implementing active fluid actuation, as no peripheral equipment can be used (e.g., pumps). The onus is on the development of passive devices based on capillarity filling of the microfluidic circuit, which, for heterogeneous assay formats, may give rise to problems with washing away unbound detection antibody. For passive systems, excess sample needs to be used for washing. The effect of the immunodiagnostic device format on standardization and calibration, signal generation, and detection will be covered in the following sections.

Antibodies {#s0060}
----------

The requirement for antibodies with appropriate specificity is the same as with normal scale immunoassays. However, there is an increased need in microscale immunoassays for antibodies with high affinity (i.e., a high value of *K* ~eq~, \>10^10^). Monoclonal antibodies offer the highest potential concentration of active antibodies (advantageous for a micro- or nanoscale device), but most monoclonal antibodies lack the high affinities achievable with polyclonal antibodies. The ideal antibody would be monoclonal *and* have very high affinity. Such antibodies are possible using phage display to generate high affinity antibodies (typically *K* ~eq~ is 10^7^--10^9^) from a large phage display library, followed by selective modification of the amino acid sequences of the complementarity determining regions using a sequencer to generate new phage DNA sequences. In this way, monoclonal antibodies can be generated with affinities of ≥10^11^ *See* a[ntibodies]{.smallcaps}.

Capture Antibody Support {#s0065}
------------------------

For heterogeneous immunoassays, reagents can be immobilized on beads within microfluidic structures ([@bib208]). This not only increases the surface-to-volume ratio for capture antibody immobilization but also reduces analyte diffusion distance for enhanced mass transport. Typical bead matrices include polystyrene/latex ([@bib151], [@bib236], [@bib91]) and glass ([@bib210]).

Magnetic beads provide an additional advantage by avoiding the need for a physical confinement barrier. The beads are held by magnetic forces and can be released on demand by switching off the magnetic field ([@bib157]). Not surprisingly, a whole variety of magnetic bead-based immunoassays has been implemented in a microfluidic format ([@bib73], [@bib34], [@bib161], [@bib143], [@bib40], [@bib162], [@bib25]).

More commonly, however, internal surfaces within the microfluidic structure are used for immobilization of antigens or antibodies by coating the surfaces with immunoreagents. Immobilization methods include physical adsorption, self assembled monolayers, sol--gels, and covalent coupling ([@bib188]). Common chemistries are based on dextran layers, protein A or G, and biotin--streptavidin. An important differentiation is the orientation of the functional groups, which can limit activity of the immobilized antibody. Directional functionalized self-assembled monolayers (SAMs) can be produced in microchannels *via* microcontact printing of the antibody ([@bib55]).

A further option is to locate the antibody directly on a sensing surface such as for **surface plasmon resonance (SPR)** or **surface enhanced Raman scattering (SERS)**. Similarly antibodies can be located on electrodes or **field effect transistors (FETs)** for electrochemical detection, or on a **quartz crystal microbalance (QCM)**, or cantilevers for electromechanical detection, *see* O[n]{.smallcaps}-C[hip]{.smallcaps} D[etection]{.smallcaps} M[ethods]{.smallcaps} for details.

Standardization and Calibration {#s0070}
-------------------------------

The challenges of standardization and calibration in quantitative microscale immunoassays are much the same as at the normal scale (*see* S[tandardization and]{.smallcaps} C[alibration]{.smallcaps}). Just as for the clinical analyzer counterparts, preparations traceable to international standards are used to confirm the accuracy of microchip-based immunodiagnostics. Microfabrication techniques are capable of producing identical assay channels and wells in a microchip, so that if calibrators and samples are run together the sample concentrations may be estimated by direct reference to a calibration curve. In microscale assays, the kinetics are faster, and this allows assays to progress to equilibrium in a shorter time. Assays that reach equilibrium are more forgiving of small differences in assay conditions between samples and calibrators. Also at very small scale, it is easier to achieve equilibrium temperature quickly across a range of samples.

Immunometric assays with near-linear dose--response curves may require no more than two calibrators, and in theory, an assay with very low nonspecific binding (NSB) and linear dose--response can be calibrated with just one calibrator. While (re-)calibration by the operator is clearly an option for cartridge--reader-based systems, by adjustment of calibration based on the response to a known concentration of analyte, such processes are difficult to achieve for disposable POC immunodiagnostics. Here, factory-generated calibration curves may be used and stored electronically on the test devices, and any deterioration of accuracy on storage over time cannot be compensated for and adjusted but simply provides a limitation of validated shelf life.

Matrix effects such as those between buffer-based calibrators and blood samples, may be exaggerated in microchannels, because of differences in surface tension. These effects can be reduced by diluting samples, but this introduces a manual intervention requirement and lessens the number of molecules in the sample, which may impair assay sensitivity. For disposable immunodiagnostics, storing buffer solutions on microchips is also difficult to implement, with fluid evaporation limiting shelf life of the diagnostic test.

Signal Generation {#s0075}
-----------------

In immunoassays, the signal is potentially weak because of the very low concentration of analyte. In a microscale assay format, the signal will be weaker still so it is essential that a very high specific activity label is used. A high signal-to-noise ratio must be achieved, so sources of noise must be eliminated. While a detailed discussion of signal generation systems in immunoassays is provided in a separate chapter (*see* S[ignal]{.smallcaps} G[eneration]{.smallcaps} S[ystems and]{.smallcaps} D[etection]{.smallcaps} S[ystems]{.smallcaps}), here, we discuss the specific signal generation challenges and solutions for microscale immunoassays.

In conventional immunodiagnostic tests, the enzyme-linked immunosorbent assay (ELISA) format is widely employed, as it adds a signal amplification factor by means of enzymatic action. Commonly, horseradish peroxidase (HRP) is used in conjunction with color-forming 3,3′,5,5′-tetramethylbenzidine (TMB). However, at the microscale, the optical path length for absorbance-based readout of color change is limited. Within the field of optical detection, this partially explains a shift toward chemiluminescence-based readout at the microscale, which is also easier to implement, as only a detector is required.

Signal amplification can also be achieved *via* silver-enhanced nanoparticle labels ([@bib147]). Here, gold nanoparticle labels with high diffusivity are catalytically enlarged *via* silver deposition after complex formation. The resulting silver-coated label can be detected with high sensitivity using simple cameras or scanners with concomitant benefits for POC diagnostics ([@bib30]).

The vast majority of microscale-based immunodiagnostic methods, however, still rely on the use of fluorescent labels, most commonly conjugated to a secondary detection antibody for sandwich immunoassay type tests. Rather than using single dye molecules, beads carrying a large number of dye molecules are preferred, as they yield a stronger fluorescent emission. Recently, fluorescent beads with a large Stokes shift between excitation and emission light have become available that facilitate spectral filtration in integrated disposable immunodiagnostics devices. As an example, TransFluoSpheres™, which comprise a cascade of dyes in a polystyrene bead matrix and generate Stokes shifts of up to 200 nm, are particularly useful and have been applied to immunodiagnostic chips with integrated head-on fluorescence detection ([@bib176]).

The current focus on enhancing signal generation for microchip-based immunodiagnostics with optical detection is on the use of nanotechnology-derived probes ([@bib145], [@bib10]). Quantum dots (Q-dots) are of particular interest, as they have a narrow and tuneable emission perfectly suited for multiplexed detection ([@bib112]). These semiconductor particles, which are often encapsulated in polymer microbeads, have already been applied to the simultaneous microchip-based detection of HIV, HBV, and HCV ([@bib108]). At present, problems remain in Q-dot cost, functionalization, and stability, hence the limited number of POC diagnostic applications.

An interesting alternative to Q-dots for signal generation is rare earth metal containing ceramic nanospheres that act as up-converting phosphors ([@bib230]). Here, light is absorbed in the infrared and emitted in the visible spectrum, resulting in an effective anti-Stokes shift. This avoids background autofluorescence in body fluids and hence enhances signal-to-noise in quantitative diagnostic applications.

For non-optical detection approaches, the increased surface-to-volume ratios encountered in microscale systems can be exploited. This is particularly the case where sensing surfaces are used for signal generation, as is the case in electrochemical and electromechanical detection systems. The next section reviews existing optical and non-optical detection solutions and their implementation at the microscale.

On-Chip Detection Methods {#s0080}
-------------------------

In microchip-based analytical devices ([@bib98]), constraints are imposed by the small volumes and short optical path lengths ([@bib145]). Additionally, there is a need for low-cost and portable detection systems for POC applications, without compromising sensitivity and precision ([@bib221]). The following section outlines how this challenge has been addressed, with [Table 4](#t0025){ref-type="table"} providing an overview of optical and non-optical on-chip detection methods.TABLE 4On-Chip Immunoassays---Detection MethodsDetection MethodReferenceAbsorbance([@bib111], [@bib126])Fluorescence([@bib77], [@bib176], [@bib175], [@bib99], [@bib137])Fluorescence polarization([@bib206])Phosphorescence([@bib230])Chemiluminescence([@bib228], [@bib232], [@bib14], [@bib196])TLM([@bib91])SERS([@bib144], [@bib33])SPR([@bib102], [@bib113], [@bib54], [@bib31])Potentiometric([@bib35])Amperometric([@bib234], [@bib149])Conductometric([@bib119])Capacitive([@bib64])FET([@bib36], [@bib203])QCM([@bib211])Cantilever([@bib216], [@bib121])[^1]

**Absorbance** detection is adversely affected by the reduced optical path lengths in microchips, as defined by the Lambert--Beer law. A number of elegant solutions have been developed to increase optical path lengths by rerouting the light by means of mirrors or lenses to probe a larger sample volume, as described in a review ([@bib145]). In contrast, Lee and coworkers used deep 6mm detection chambers in a compact disk (CD)-based system and 450/630nm LEDs coupled with Si-photodiodes to detect HRP label-induced TMB color change in an on-chip ELISA for hepatitis B ([@bib111]). Maier and coworkers have used gold nanoparticle labels in a resonance-enhanced absorption for ELISA-based determination of food-based allergens ([@bib126]). Detection limits of 1 ng/mL were achieved with semiquantitative visual readout but could potentially be improved with readout instrumentation.

There has been extensive development of **fluorescence** detection capabilities in microchip-based immunoassays. Early work focused on laser-induced fluorescence (LIF) where high-energy laser light is focused on a small area, with the narrow spectral emission facilitating discrimination between excitation and emission light ([@bib29], [@bib97]). Multichannel microfluidic immunoassays with simultaneous readout based on a scanning fluorescence detection system have also been developed ([@bib27]). More recently, an integrated portable LIF detection device for oral immunodiagnostics has been demonstrated, yielding nanomolar to picomolar sensitivity for saliva-based periodontal disease markers ([@bib77]). McDevitt and coworkers have reduced the functionality of a conventional benchtop epi-fluorescence microscope into a handheld diagnostic device for CD4^+^ T-cell counting in HIV patients by drawing on the unique spectral properties of Q-dots ([@bib99]). A compact integrated LIF immunodiagnostic system with picomolar sensitivities for a panel of biological toxins has been developed by Sandia National Laboratories ([@bib137]). The system is based on integrated electronics and miniaturized optics comprising diode lasers, mirrors, lenses, filters, and a photomultiplier tube (PMT). As a first step toward potentially fully disposable fluorescence detection systems, Ryu and coworkers have developed an integrated immunodiagnostic detection system based on inorganic LEDs and organic photodiodes with nanograms per milliliter sensitivities reported for cardiac markers myoglobin and creatine kinase MB (CK-MB) isoenzyme ([@bib176]).

Baba and coworkers have recently demonstrated a homogeneous microchip theophylline assay with fluorescence polarization detection ([@bib206]). Detection is based on measuring polarization changes when the rotational motion of the fluorescent label is altered by binding to the analyte. In the cited work, this change is quantified *via* the use of a laser, a charge-coupled device (CCD) camera and fixed and rotatable polarizers. Very recently, a novel **supercritical angle fluorescence (SAF)** immunoassay concept has been implemented in disposable polymer test tubes and validated by detecting interleukin-2 at low picomolar levels ([@bib175]). SAF occurs only at the surface of transparent substrates and as such can be used to discriminate between surface binding and bulk effects, hence circumventing the need for laborious ELISA-type washing steps.

To overcome some of the limitations of fluorescence-based detection in terms of spectral overlap between excitation and emission light, longer lived **phosphorescence** could be exploited in a time-gated detection approach where excitation light is pulsed and emission detected after the pulse ends. However, this approach requires sophisticated lock-in detection electronics, which might explain why it has not yet been applied to POC immunodiagnostic assays. A separate approach based on up-converting phosphors (see S[ignal]{.smallcaps} G[eneration]{.smallcaps}) has recently been demonstrated for the determination of *Yersinia pestis* using a compact and portable readout device with 980nm laser diode-based excitation and PMT-based detection of emitted light at 541 nm ([@bib230]).

**Chemiluminescence** is a popular detection technology choice for immunodiagnostics, as optical excitation instrumentation is not required, which is particularly attractive for integrated disposable device formats. In early work on a model mouse IgG immunoassay, HRP-labeled conjugate was detected on a capillary electrophoresis microchip using standard luminol/peroxide chemistry ([@bib280]). An aluminum mirror fabricated onto the back side of the detection zone provided a reflective surface to enhance collection efficiency of the emitted light, yielding a linear range for mouse IgG of 0--60 µg/mL. More recently, chemiluminescence detection has been extended to a 10-channel capillary flow-through sandwich immunoassay for biological agent detection ([@bib228]). Here, microperistaltic pumps were used to drive fluid in 10 parallel microchip mounted capillaries with HRP-based chemiluminescence detection on a multianode-photomultiplier array. A magnetic bead-based immunoassay for C-reactive protein (CRP) in serum has been demonstrated on a microchip with integrated pneumatically driven micropumps, microvalves, and micromixers ([@bib232]). Chemiluminescence detection was based on an acridium ester label on the detection antibody and off-chip luminometer-based readout, yielding a detection limit of 0.0125 mg/L for CRP. A 0.1mg/L detection limit for an indirect CRP immunoassay has been demonstrated in serum on a multichannel injection molded cyclic olefin chip using HRP/luminol-based chemiluminescence generation and benchtop imaging system readout ([@bib14]). More interestingly, an onboard instant film module has also been tested which, when compared against reference films, could potentially be exploited in a qualitative POC setting. A magnetic bead-based immunoassay for insulin and interleukin-6 on a digital microfluidic platform has been demonstrated by Pamula and coworkers ([@bib196]). Here, HRP labels were reacted with PS-Atto substrate and read out on a PMT.

**Thermal lens microscope (TLM)**-based detection uses a dual laser beam system to measure the photothermal effect on nonfluorescent molecules, with colloidal gold labels typically employed. In early work, TLM has been effectively applied to an immunometric immunoassay for determination of human secretory immunoglobulin A and carcinoembryonic antigen (CEA) ([@bib180], [@bib179]). Using capture antibody-coated polystyrene beads confined in a 100µm-deep × 250µm-wide glass channel, a 0.03ng/mL detection limit for CEA was achieved after 10min incubation. More recently, Kitamori and coworkers have applied high-sensitivity TLM detection to a microchip-based open-sandwich ELISA for human osteocalcin in serum ([@bib91]). Using a 658nm excitation, 785nm probe beam, and a photodiode detector, a sensitivity of 1.0 µg/L could be demonstrated for osteocalcin, equivalent to plate-based ELISA results.

In **SERS** spectroscopy, the molecular fingerprint signals of the Raman spectra are enhanced when the molecules come in close proximity of a metal surface where local electromagnetic field enhancements are generated. In early work by Natan and coworkers, glass-coated analyte-tagged nanoparticles (GANs) with a Raman active Au or Ag core were used in surface-bound immunometric (sandwich) formats ([@bib144]). Lasers were used as the excitation light with scattered light being detected using a CCD. In more recent work, Lee and coworkers have demonstrated label-free determination of adenine on a polysilicon-coated glass wafer ([@bib33]). Here, an electric field was applied between a top cylindrical wire electrode and a bottom plate Au-electrode including the SERS-active region, resulting in charged analyte molecules accumulating on the oppositely charged electrode in the detection region. Electrokinetic preconcentration resulted in a sensitivity improvement of eight orders of magnitude when read out on an integrated Raman system, suggesting SERS potential for demanding low-concentration diagnostic applications.

**SPR** allows direct label-free detection of immune complexes on a surface. For details, *see* S[urface]{.smallcaps} P[lasmon]{.smallcaps} R[esonance]{.smallcaps} in B[inding]{.smallcaps} S[ite]{.smallcaps}, K[inetic and]{.smallcaps} C[oncentration Analyses]{.smallcaps}. Notably, the SPR-based Biacore™ system has found widespread use as a commercial immunoassay development platform (see C[ommercial]{.smallcaps} M[icrofluidic]{.smallcaps} I[mmunodiagnostics]{.smallcaps}). Here, we only describe applications of SPR to microfluidics-based immunodiagnostic devices. In early work, SPR has been used in conjunction with a microfluidic unit in contact with a sensor surface to measure the kinetics of monoclonal antibody--antigen reactions in real time. The antibody or antigen was immobilized in a dextran matrix that was attached to the sensor surface and binding events monitored by SPR ([@bib102]). Over the last 20  years, this highly sensitive and reliable method for low molecular weight analyte determination in complex analytical matrices has seen considerable improvements, particularly in terms of more robust sensing surfaces and more compact instrumentation ([@bib189], [@bib188]). Lee and coworkers have demonstrated automatic PDMS microchips with micropumps and valves for immunoassay arrays with two-dimensional SPR phase imaging detection based on the Kretschmann configuration ([@bib113]). To account for the temperature sensitivity of SPR measurements, a temperature control module comprising micro-heaters and temperature sensors was also incorporated, resulting in a preliminary detection limit for IgG of 0.67nM. As an important step toward POC applications, Davis and coworkers have developed a fully self-contained hand-held SPR device powered by a 9V battery ([@bib54]). To demonstrate efficacy of the system, 200ng/mL ricin has been detected in a plastic cylindrical sensor cell *via* an immobilized anti-ricin antibody immunoassay within 10min Similarly Yager and coworkers have built a compact SPR imaging (SPRi) instrument based on a diode light source, image detector, integrated digital signal processor, and passive temperature control ([@bib31]). Proof of concept was demonstrated with a competition immunoassay for phenytoin.

While the above optical detection methods are very versatile and benefit from direct transferability of conventional clinical laboratory assay formats and associated optical label chemistry, the required hardware is often expensive, difficult to miniaturize, and optical readout performance can suffer at the microscale format. While novel approaches to integrated optical on-chip detection have overcome some of those limitations, as outlined above, there is still ample room for simpler miniaturizable detection technologies. Electrochemical detection provides a viable alternative, albeit at the expense of increased multi-analyte interference and remaining problems with electrode fouling and stability. While the following section reviews the current state of the art for electrochemical detection, more details are provided elsewhere (*see* I[mmunological]{.smallcaps} B[iosensors]{.smallcaps}).

In early work, pH-sensitive **light addressable potentiometric sensors** were used to monitor the pH change that accompanied enzymatic action of bound urease-labeled conjugate in immunocomplexes captured on a membrane ([@bib19], [@bib155]). More recently, Bakker and coworkers have demonstrated potentiometric detection in nanoparticle-based sandwich immunoassays ([@bib35]). Following the catalytic deposition of silver on gold nanoparticle labels on the detection antibody, silver dissolution is potentiometrically detected using an Ag^+^-selective electrode, yielding a detection limit of 12.5 pmol IgG in 50 µL of sample. On-chip **amperometric** detection of an alkaline phosphatase label has been accomplished following separation of free antibody and antibody--antigen complex in a post-column reaction of the enzyme label with a 4-aminophenyl phosphate substrate and downstream amperometric detection of the 4-aminophenol product ([@bib281]). A detection limit of 1.7 amol was achieved in a model assay for mouse IgG conducted in 50μm-deep × 20μm-wide channels in a glass microchip. A bead-based microfluidic immunoassay for urinary hippuric acid determination in the range of 0--40 mg/mL has been demonstrated on a PDMS microchip with enzymatically amplified amperometric detection ([@bib234]). Whitesides and coworkers have demonstrated chronoamperometric analysis of glucose and square wave anodic stripping voltammetry measurements of heavy metal ions on **microfluidic paper-based electrochemical devices** (**mPEDs**) ([@bib149]). The simple low-cost device comprising two printed carbon electrodes as the working and counter electrodes, and a printed Ag/AgCl electrode as the pseudo-reference electrode is inherently compatible with immunoassay-based analysis. A **conductometric** immunometric (sandwich) immunoassay for hepatitis B surface antigen (HBsAg) in serum has recently been demonstrated with nanogold labels on a microcomb-type electrode yielding a limit of detection of 0.01 ng/mL ([@bib119]). As a variant of the above electrochemical methods, **capacitive** detection of microfluidic immunoassays on **complementary metal oxide semiconductor (CMOS)**-based sensors has also been reported ([@bib64]).

**FETs** with amine and oxide-functionalized boron-doped silicon nanowires (SiNWs) between source and drain have been used by Lieber and coworkers to create highly sensitive real-time immunosensors ([@bib36]). Proof of concept was demonstrated by monitoring anti-biotin binding to biotin-modified SiNWs, but detecting biomarkers in physiological fluid samples has so far proven difficult, due to NSB and biofouling. Fahmy and coworkers have recently overcome this problem by developing a microfluidic chip that captures multiple markers from blood samples, followed by post-wash release into purified buffer for sensing with a FET-based silicon nanoribbon detector ([@bib203]). Efficacy was demonstrated with label-less sandwich immunoassay-based detection of two model cancer markers from whole blood within less than 20 min.

Electromechanical detection methods are based on binding induced changes to a sensing surface, which can be measured by electrical means. The **QCM** measurement principle is based on a surface binding-induced oscillation change of a quartz wafer sandwiched between two electrodes. While this method is inherently label-less, addition of, for instance, Au nanoparticles can enhance assay sensitivity. Tothill and coworkers have applied this approach to the determination of cancer markers in 75% human serum, with a detection limit of 0.29 ng/mL, for prostate-specific antigen (PSA) ([@bib211]). The main drawback for POC immunodiagnostic applications is QCM's sensitivity to matrix viscosity, which necessitates the use of on-chip controls. In the **cantilever** approach, the surface stress generated by antigen--antibody molecule recognition is measured ([@bib90], [@bib215]). In early proof of concept work, the detection of CK and myoglobin has been demonstrated at \<20 µg/mL ([@bib6]). Cho and coworkers have shown the detection of urinary PSA at picomolar concentration levels ([@bib32]). More recently, Craighead's group has pushed the sensitivity to 1--100fM for PSA in serum using a nanoparticle-based mass labeling immunometric assay ([@bib216]). Silicon photonic micro-ring resonators have been applied to the detection of CRP in serum at 200fM level with a dynamic range of six orders of magnitude ([@bib121]).

Immunodiagnostic Markers in Microfluidic Devices {#s0085}
================================================

Over the last 10 years or so a large variety of immunodiagnostic tests have been implemented on a microchip format, see [Table 5](#t0030){ref-type="table"} for overview. The spread of targeted analytes has equally increased, now covering almost all disease markers analyzed in clinical laboratories. Of particular interest, however, have been cardiac markers, infectious diseases, and cancer markers. Cardiac marker efforts have focused on tests for myoglobin, CK-MB, troponin I, CRP, and B-type natriuretic peptide (BNP) ([@bib139]). Infectious disease tests mainly cover CD4+ T-lymphocyte counting for HIV monitoring, dengue fever, influenza A, hepatitis C, malaria, and tuberculosis ([@bib229], [@bib30]). Work on cancer markers, which are often present at low concentration, has so far included PSA, tumor necrosis factor α (TNF-α), liver cancer marker α-fetoprotein (AFP), and CEA. The rapid expansion of covered markers shows the dynamics of technological advancement and bodes well for the future of microfluidics-based immunodiagnostics. For existing microfluidics-based commercial systems, see [Table 6](#t0035){ref-type="table"} .TABLE 5Selected Microfluidic Immunodiagnostics MarkersAnalyteReferenceMyoglobin, CK-MB, TnI([@bib176])CRP([@bib14], [@bib92])BNP([@bib109])CD4+([@bib28])Dengue fever([@bib114])Influenza A([@bib115])Hepatitis C([@bib46])Malaria([@bib110], [@bib22])Tuberculosis([@bib146])PSA([@bib65], [@bib158], [@bib152])TNF-α([@bib23])AFP([@bib104])CEA([@bib239])TABLE 6Commercial Microfluidic Immunodiagnostics SystemsCompanySystemAnalyteSignalUS and EU Regulatory ClearanceWebAbbotti-Stat^®^. Cartridge/handheld readerCK-MB, troponin I, BNP (single analyte cartridges only)Electrochemical510(k)[www.abbott.com](http://www.abbott.com){#interref13}Advanced Liquid LogicCartridge/handheld readerPlatform for digital microfluidics-based immunoassaysFluorescence, chemiluminescenceNo[www.liquid-logic.com](http://www.liquid-logic.com){#interref2}Alere/BiositeTRIAGE^®^\
Cartridge/benchtop readerTroponin I, CK-MB, myoglobin, and BNP as various panelsFluorescenceCLIA waived and CE marked[www.alere.com](http://www.alere.com){#interref3}\
[www.biosite.com](http://www.biosite.com){#interref4}Atlas GeneticsVelox™\
Cartridge/readerDNA-based tests for bacterial and viral infections. Immunoassays in development.ElectrochemicalNo[www.atlasgenetics.com](http://www.atlasgenetics.com){#interref5}Ortho Clinical Diagnostics4castchip^®^\
Cartridge/readerPDGF, NT-proBNP in developmentFluorescenceNo[www.orthoclinical.com](http://www.orthoclinical.com){#interref6}BayerA1C Now+^®^\
Single use disposable integrated analysis and reading systemHbA1cFluorescenceCLIA waived[www.bayerdiabetes.com](http://www.bayerdiabetes.com){#interref7}Biacore (GE Healthcare)Biacore™ X100 and T200\
Cartridge/benchtop analyzerPlatform for research assaysSPRNo[www.biacore.com](http://www.biacore.com){#interref8}Claros DiagnosticsCartridge/readerPSAOptical (Au label treated with Ag)CE marked[www.clarosdx.com](http://www.clarosdx.com){#interref9}mChip Cartridge/handheld readerHIV, syphilisNoDaktari DiagnosticsDaktari™ CD4 Counter\
Cartridge/readerCD4 cell countElectrochemicalNo[www.daktaridx.com](http://www.daktaridx.com){#interref10}Epocalepoc™ Smart Card\
Fluidics-on-Flex™\
Card/readerImmunoassay panels in developmentElectrochemicalNo[www.epocal.com](http://www.epocal.com){#interref11}Gyros ABGyrolab™ Bioaffy™\
CD/readerPlatform for research assaysFluorescenceNo[www.gyros.com](http://www.gyros.com){#interref12}Micronics (Sony)ABORhCard^®^\
Fully integratedABO and Rh blood typingColor change (qualitative, visual)510(k)[www.micronics.net](http://www.micronics.net){#interref23}Active H™, Active T™, and Access™ cardsFor research assays developmentNoMolecular VisionBioLED™ fully integrated disposable chipsPlatform system for custom applications. In developmentFluorescenceNo[www.molecularvision.co.uk](http://www.molecularvision.co.uk){#interref14}MycroLabVarious cartridge/reader and fully integrated card systems in developmentFor custom assay developmentElectrochemical or opticalNo[www.mycrolab.com](http://www.mycrolab.com){#interref15}NanoEnTekFREND™\
Handheld reader/cartridgeMyoglobin, CK-MB, troponin I, D-dimer, NT-proBNP,PSAFluorescenceNo[www.nanoentek.com](http://www.nanoentek.com){#interref16}\
[www.digital-bio.com](http://www.digital-bio.com){#interref17}PhilipsMagnotech\
Handheld reader/cartridgeCardiac and oncology panels in developmentFrustrated total internal reflectionNo[www.philips.com/magnotech](http://www.philips.com/magnotech){#interref18}ProlightHandheld cartridge/readerMyoglobin, CK-MB, troponin I, FABP, GBPP in developmentChemiluminescenceNo[www.pldab.com](http://www.pldab.com){#interref19}VantixVantix™ POC handheld reader/cartridge systems in developmentPlatform systems for custom applicationsElectrochemicalNo[www.vantix.co.uk](http://www.vantix.co.uk){#interref20}MRSA and *Clostridium difficile*NoVivactaBenchtop reader/cartridgePlatform system for custom applications.\
TSH, demonstrated. Other tests in developmentOptically stimulated piezo filmNo[www.vivacta.com](http://www.vivacta.com){#interref21}Wako DiagnosticsµTASWako^®^ i30\
Benchtop reader/cartridgeAFP-L3, DCPFluorescence510(k)[www.wakodiagnostics.com](http://www.wakodiagnostics.com){#interref22}

Enabling Microfluidic Technologies for Immunodiagnostics {#s0090}
========================================================

Providing immunodiagnostic tests at the POC can facilitate more efficient and effective provision of care (*see* P[oint]{.smallcaps}-[of]{.smallcaps}-C[are]{.smallcaps} T[esting]{.smallcaps}). For the health care provider, this can enable decentralized testing and a more efficient use of resources while the patient benefits from a personalized medicine approach, on-the-spot diagnosis and earlier initiation of treatment, with associated benefits in disease management outcome. However, to become a viable and enabling diagnostic tool with widespread application, POC diagnostic tests need to be quantitative, measure a panel of analytes, be portable or handheld and sufficiently low cost to be disposable ([@bib87]).

To date, most over-the-counter (OTC) POC tests are still lateral flow based with a porous nitrocellulose matrix serving as the host for reagent deposition and fluid flow (*see* L[ateral]{.smallcaps} F[low]{.smallcaps} I[mmunoassays]{.smallcaps}). However, these lateral flow systems are limited to qualitative or semiquantitative analysis. On the other hand, there are sophisticated cartridge--reader-based systems that enable quantitative testing of analyte panels, such as Alere's TRIAGE^®^ cardiac marker panel (*see* T[riage]{.smallcaps}). These systems fully harvest the power of microfluidics in terms of being able to integrate a large number of parallel and serial analytical operations onto a small low-cost and disposable microfluidic cartridge, while sophisticated readout and data processing capabilities reside in the reusable reader.

However, to access more remote POC applications such as home testing, there is still a need to develop compact handheld diagnostic devices similar to lateral flow tests but with equivalent analytical capabilities to cartridge--reader systems or even full clinical laboratory analyzers. This section reviews the key microfluidic developments that are set to realize this ambitious goal. Some of the challenges include the provision of passive flow control, low-cost detection, and the integration of the above functionalities into immunodiagnostic test devices compatible with lay users and employment in low-resource settings such as in developing countries.

Flow Control {#s0095}
------------

Traditionally, most laboratory-based microfluidic systems have relied on actuation for fluid control. Typically, positive pressure to the microchip inlet is used to induce filling of the microfluidic circuit, with high precision syringe pumps most commonly used. Variants include the use of integrated micropumps or the application of vacuum to the microchip outlet. Electroosmotic flow on charged glass or silicon surfaces can also be exploited but requires the use of high-voltage power supplies. The above microchip flow control approaches all require support instrumentation, thereby limiting POC employment capabilities. To overcome current limitations, extensive research has been directed toward alternative flow control means ([@bib224], [@bib7]), including CD-based systems ([@bib41]), digital microfluidics ([@bib95]), and passive capillarity-based systems ([@bib45]), and their application to immunodiagnostic POC testing ([@bib62]). In the following sections, these more recent flow control approaches will be introduced, and the current technical status reviewed, with particular emphasis on their suitability for POC immunodiagnostic testing.

As an interim step between laboratory-based microfluidic systems and compact handheld POC devices, centrifugal microfluidic platforms have been developed. Here, CD drives are used to control fluid flow in microfluidic disks through induced centrifugal, Euler and Coriolis forces. On the *bio-disk* platform, a number of fluidic unit operations have been combined with actuation, liquid interfacing, and detection capabilities, yielding a semi-portable platform that could potentially be reduced to a "\$1 disk played on a \$10 Discman" ([@bib41]). To date, this concept has been successfully applied to ELISA-based immunodiagnostics of cardiac markers in serum and whole blood ([@bib171]) and been shown to be compatible with absorbance ([@bib202]), chemiluminescence ([@bib171]), and fluorescence-based detection ([@bib170]). Other groups have applied CD-based fluid control to multiplexed immunoassays ([@bib82], [@bib142]) and ELISA-based determination of hepatitis B in whole blood ([@bib111]): see [Fig. 2](#f0015){ref-type="fig"} .FIGURE 2CD-based microfluidics for whole-blood-based ELISA.([@bib111])---Reproduced by permission of the Royal Society of Chemistry. (The color version of this figure may be viewed at [www.immunoassayhandbook.com](http://www.immunoassayhandbook.com){#interef2}).

The centrifugal approach results in compact semi-portable devices that offer robust liquid handling that unlike passive capillary fill systems are not constrained by viscosity and surface tension effects. However, current drawbacks include cost, reliability, and difficulties in achieving high-sensitivity readout.

In digital microfluidics, samples are manipulated as discrete droplets on insulator-covered electrode arrays ([@bib1], [@bib95]). A series of electrical potentials are applied to the electrodes, resulting in charge accumulation on the surface and dynamically altered wettability. This can be exploited to dispense, move, merge, mix, and split droplets, which are often suspended in immiscible oil to prevent evaporation and cross-contamination, and to limit NSB to channel surfaces. Open one-plate configurations can be used with droplets manipulated on a single substrate housing both driving and ground electrodes. For POC immunodiagnostic applications, however, enclosed two-plate systems are most commonly employed to facilitate device handling and limit fluid evaporation. While compatibility of digital microfluidics with physiological fluids, including whole blood, was first demonstrated by Srinivasan in 2004 ([@bib200]), immunodiagnostic applications have only recently emerged. Pamula's group has developed a droplet-based magnetic bead immunoassay for insulin and interleukin ([@bib196]), see [Fig. 3](#f0020){ref-type="fig"} .FIGURE 3Schematic of digital microfluidics-based magnetic bead immunoassay.([@bib196])---Reproduced by permission of the Royal Society of Chemistry. (The color version of this figure may be viewed at www.immunoassayhandbook.com).

In this work, sample was digitally mixed with a drop of magnetic beads conjugated with capture antibody, detection antibody, and blocking proteins. The formed complex was then held by a magnet, washed and resuspended, followed by alkaline phosphatase-based chemiluminescence detection. The same digital microfluidics platform has been applied to the determination of troponin I in whole blood within 8min ([@bib197]). Owing to the advanced liquid handling capabilities of the system, a 40-cycle PCR could be performed on the same system, as has also been demonstrated independently by other groups ([@bib24]).

The main advantages of digital microfluidics include the ability to use modular and scalable printed circuit boards instead of complex channel networks, compatibility with solids (as for instance required for whole-blood testing), and flexibility in terms of sample volume. Overall, this yields sophisticated liquid handling solutions in a portable and economical platform compatible with POC immunodiagnostics. However, digital microfluidics is still in its infancy and problems persist with NSB and fouling on the insulator electrode surfaces.

An autonomous passive microchip flow control system has been developed by Delamarche and coworkers at IBM ([@bib249]). It is based on silicon capillary systems (CSs) that fill predominantly by capillary force. The integrated microfluidic systems comprise a filling port, a microchannel, and a passive "capillary pump" outlet. The "capillary pump" outlet comprises branching channels to increase surface area and promote fluid evaporation, which assists capillarity-based filling. Interactive flow control is afforded by controlling evaporation rates through Peltier element-based cooling. Bio-functionalization for immunoassays is performed on a separate PDMS substrate attached to the CS. The group has already demonstrated the detection of cytokine TNFα with picomolar sensitivity in sub-microliter volumes ([@bib23]). Early work was based on serial manual pipetting of analyte and detection antibody into the inlet port. The group has subsequently focused on the implementation of an autonomous one-step immunodiagnostic format. With this process, the detection of 1ng/mL CRP in 5µL of serum has been demonstrated within 5min on a passive device comprising a sample collector, delay valves, flow resistors, reaction chambers, and CSs ([@bib60], [@bib248]). A more versatile six-channel one-step immunoassay platform has recently been developed, which allows the adjustment and optimization of sample flow rate, sample volumes, and detection antibody concentration ([@bib63]). As has been independently shown by other groups for pumped systems ([@bib159]), sample flow rate and the concentration and distribution of the detection antibody are critically important for achieving adequate sensitivity in on-chip immunoassays. For the passive CS platform, the reagent release has thus been optimized *via* controllable reagent integrators that enable programmable reagent pickup in one-step immunodiagnostic chips ([@bib79]).

While the above passive one-step CS systems combine excellent performance and flexibility with simplicity of use at potentially low cost, they currently require a humidified chamber to ensure stable flow rates, which limit POC applicability.

Microfluidics for Low-Resource Settings {#s0100}
---------------------------------------

Currently, there is a concerted effort to extend immunodiagnostic capabilities to resource-poor settings in the developing world ([@bib229], [@bib30]). This follows the ASSURED criteria for an ideal diagnostic test of Affordable, Sensitive, Specific, User-friendly, Robust, Equipment-free, Delivered to those in need, as stipulated by the World Health Organization. Microfluidics, with its enabling technologies described above, is expected to play an important role in fulfilling this promise.

Most of the above requirements for low-resource setting deployment of immunodiagnostic tests have been partially addressed by a recent research shift away from conventional *lab-on-a-chip* (LOC) approaches to *lab-on-a-paper* systems ([@bib240]). As outlined above, microchip-based microfluidics can offer a variety of sophisticated solutions to POC immunodiagnostics but not necessarily at low cost or without ancillary equipment. On the other hand, lateral flow-based devices are easy to use, low cost, and stand-alone but lack precise quantification capabilities. Lab-on-paper approaches are aimed at overcoming the performance limitations of lateral flow systems by patterning paper to form *de facto* microfluidic channels on this low-cost disposable medium.

SU-8-based patterning of plasma-treated paper was first shown by the Whitesides group in 2007. Proof of concept was demonstrated through the simultaneous color-change-based detection of glucose and protein in urine ([@bib130]). This photolithographic patterning approach has since been refined into a rapid prototyping method that is compatible with printed masks ([@bib134]). Enhanced functionality was demonstrated through vertically stacked paper layers to enable sample distribution over arrays of reagent spots for multi-analyte assays ([@bib129]) and a programmable 3D system to enable application-specific reconfiguration ([@bib132]). While the above systems still require serial manual application of reagents, Yager's group has developed a paper-based system for automated multi-reagent delivery based on dissolvable trehalose barriers ([@bib56]). More importantly, in the context of this discussion, a 96-zone paper plate has recently been demonstrated for ELISA-based HIV detection in serum ([@bib26]). In this work, human anti-HIV-1 antibodies were captured by immobilized HIV-1 antigen, with a secondary goat anti-human IgG with alkaline phosphatase label introduced for colorimetric detection with a desktop scanner. In addition to this reflectance-based colorimetric detection, other techniques used have included absorbance and fluorescence-based ([@bib21]), and electrochemical ([@bib42]) detection, which have been implemented with paper-based systems ([@bib133]). Interestingly, early efforts have already been made to integrate flexible electronics based arrays of LEDs, light detectors, and transistors with paper-based microfluidics, as driven by a US consortium comprising Diagnostics for All, University of Illinois at Urbana--Champaign and electronics start-up MC10.

Some of the above technological advances have been combined and complemented with additional add-ons to specifically address the use of microfluidic immunodiagnostics in resource-poor settings in the developing world. For instance, Linder and coworkers have developed a method to store a series of liquid reagent plugs in conventional polyethylene tubing, as needed for ELISA-based testing ([@bib116]). To run the assay, the tubes were simply attached to the microchip inlet with a vacuum applied to the outlet, drawing in the reagent plugs one-by-one. Applying this approach to a PDMS microchip attached to a polystyrene substrate, HIV diagnosis in serum has been demonstrated within 13 min at nanomolar sensitivity with fluorescence microscope-based detection. While these reagents are stable during room temperature storage and transportation, efforts are underway to prove efficacy of this approach in field trials in the developing world ([@bib30]). A dry reagent storage format for both the detection and capture antibody in a flow-through immunoassay system has been developed by Yager and coworkers for use in the developing world ([@bib204]). Dry reagent pads on polyester (detection antibody) and nitrocellulose (capture antibody) were prepared off-chip and inserted during assembly of the assay card comprising multiple layers of Mylar and PMMA. Using external syringe pumps to drive fluids, a robust malaria assay in serum has been demonstrated in 9 min with sub-nanomolar sensitivity on a flatbed scanner.

In clinical laboratories, whole blood is routinely centrifuged to yield plasma for downstream analysis. For microfluidic systems, a variety of different blood filtration approaches have been developed (see review [@bib98]). To address the specific needs of low-resource settings, the use of a manual eggbeater device for whole-blood separation has been explored ([@bib226]). The whole-blood sample was loaded into polyethylene tubing and spun manually on the eggbeater to yield plasma, yielding approximately 40µL of plasma from 100 µL of whole blood after 5 min. The suitability of this low-tech sample pretreatment method has been demonstrated with a cholesterol assay on paper-based microfluidics and would, in principle, be equally applicable to immunoassays.

A whole-blood compatible **self-powered integrated microfluidic blood analysis system** (**SIMBAS**) has been demonstrated very recently ([@bib38]), see [Fig. 4](#f0025){ref-type="fig"} .FIGURE 4Schematic of stand-alone self-powered integrated microfluidic blood analysis system (SIMBAS).([@bib38])--Reproduced by permission of the Royal Society of Chemistry. (The color version of this figure may be viewed at www.immunoassayhandbook.com).

Interestingly, this passive one-step system with sedimentation-based blood filtration does not require manual sample preparation or external equipment for fluid control. Instead it relies on degas-driven passive filling in evacuated PDMS chips (i.e., stored in desiccated vacuum pouches). Using only 5 µL of whole blood, a basic assay with labeled biotin binding to immobilized avidin has been demonstrated at low picomolar sensitivity with a fluorescence scanner-based readout. Making the important transition to a readout compatible with low-resource settings, Whitesides and coworkers explored a telemedicine approach based on the use of widely available camera phones ([@bib131]). Here, camera phones were used to digitize the output of colorimetric on-chip assays and for transferring digital information for off-site analysis by trained medical professionals. While this approach is very suitable for remote settings, technical difficulties remain with varying image intensities dependent on the camera phone and ambient conditions. It is hoped that further progress on overcoming the above technical challenges will bring the full power of microfluidics-based immunodiagnostics to the POC, including resource-poor settings in the developing world.

Commercial Microfluidic Immunodiagnostics {#s0105}
=========================================

Key success factors for POC devices and immunoassay-based diagnostic products in general are described elsewhere in this handbook. While lateral flow OTC pregnancy tests have been a commercial success, microfluidics-based immunodiagnostic products have been limited in their commercial application, see [Table 6](#t0035){ref-type="table"}. The scarcity of microfluidics-based products is partially explained by the difficulty of achieving the required immunoassay performance in terms of accuracy and precision in this complex yet low-cost microchip format that would gain market and regulatory acceptance. In terms of regulatory pathway, microfluidics-based immunodiagnostics are governed by the same regulations as traditional immunoassay-based tests with the added consideration in the US, for POC applications, preferably to achieve Clinical Laboratory Improvement Amendment (CLIA) waived status demonstrating that the tests are "simple to perform by non-expert users" and have a low risk of error. The requirement for high levels of precision in robust configurations that have fail-safe user interfaces places great demands on the design and development processes for commercial systems. Several such systems are in development but regulatory clearance and market acceptance have thus far been slower than might have been expected.

One of the most successful commercial microfluidics-based diagnostic devices is Abbott's handheld i-STAT^®^ system that provides real-time laboratory quality results based on electrochemical detection on silicon chips. The most widely used test cartridge is CHEM8+, which provides eight metabolic tests including ionized calcium and hematocrit from a few drops of whole blood within 2min. 510(k) cleared cartridges for hematology, blood gases, coagulation, and immunoassay-based cardiac marker determination are also available, but only CHEM8+ is CLIA waived.

Bayer's A1CNow*+* ^®^ is a handheld immunodiagnostic device for home-based testing of HbA1C, an important long-term marker in diabetes management. The CLIA-waived device comprises microfluidic and lateral flow components with onboard fluorescence-based detection. An established cartridge--reader system is the Alere TRIAGE^®^ system that provides a cardiac marker panel for myoglobin, CK-MB, and troponin I (TnI) and separate tests for D-dimer and BNP. Again whole blood is loaded onto the passive cartridge and drawn into the channels by capillarity. Using a fluorescence-based readout, quantitative results are obtained within 15 min. This system also has a qualitative drug screen for urine samples (*see* T[riage]{.smallcaps}).

Biacore's™ cartridge--reader systems X100 and T200 are based on label-free SPR. The 510(k) cleared systems are intended to be used as a development platform for customized assay implementation using disposable multichannel microfluidics with syringe pump-based actuation.

Micronics 510(k) cleared ABORhCard^®^ provides simultaneous qualitative determination of an individual's ABO blood group and Rh factor status. The single-use disposable credit card-sized device yields a visually read result within a few minutes from a fingerstick of whole blood. Interestingly, this passive microfluidics-driven technology has recently been acquired by Sony in their quest to diversify into the medical and health care domain.

Wako Diagnostics 510(k) cleared i30^®^ Immunoanalyzer for liver cancer risk markers AFP-L3, and DCP is based on sophisticated microfluidics, electrophoretic techniques, and immunochemical detection. The cartridge--reader system can analyze up to six markers in parallel and yields first results in less than 10 min.

Alere has recently launched next generation CE-marked cardiac tests for the TRIAGE^®^ platform. These include cartridges for single-analyte, improved sensitivity TnI, a two-analyte panel for new TnI and BNP (Cardio2), and a three-analyte panel for new TnI, BNP, and CK-MB (Cardio3). Through enhanced TnI sensitivity, these tests enable measurement down to the 99th percentile, allowing for earlier detection of AMI and improved outcomes in an A&E setting. Claros Diagnostics has recently CE marked their cartridge--reader-based PSA test. It is based on disposable credit card-sized passive microfluidics and a small footprint analyzer for high-sensitivity detection of Ag labels, yielding quantitative results within a few minutes from a fingerstick sample of whole blood, see [Fig. 5](#f0030){ref-type="fig"} .FIGURE 5Claros immunoassay cartridge for simultaneous testing of up to 10 disease markers from whole blood within 10 min. Currently used for PSA determination but also being tested for HIV and syphilis determination, see [@bib30]. Separate portable reader is used for vacuum-based fluid actuation and optical readout.(The color version of this figure may be viewed at www.immunoassayhandbook.com). Reproduced with permission from Claros Diagnostics.

Apart from the above diagnostic tests already in the market place, there exists a promising pipeline of development-stage immunodiagnostic devices. In particular, there is a trend away from conventional cartridge--reader configurations to fully integrated disposable systems that remove the need for a separate instrument and reduce user complexity. MycroLab's Mycro^®^Check system is based on a disposable Mycro^®^Card comprising advanced microfluidics, electronics, and a display screen. Molecular Vision's BioLED™ platform combines semiconductor-based light sources (OLEDs) and detectors (OPVs) with injection molded passive microfluidics to create potentially low-cost and fully disposable immunodiagnostic POC tests.

Microarrays, Immunoassay, and Proteomics {#s0110}
========================================

The use of bioanalytical microarrays was first reported by [@bib51]. Microliter samples of thyroglobulin antigen were spotted onto the surface of a thin film of agar that had been impregnated with serum from a patient with thyroid autoimmune disease. Immunoprecipitation was observed, indicative of interaction between the thyroglobulin and antibodies in the patient's serum. The technique was refined using cellulose acetate strips ([@bib52]), but it was decades later that further development of the concept by Ekins and coworkers ([@bib49], [@bib47], [@bib48]) led to the derivation of ambient analyte theory, and the demonstration of high-sensitivity multi-spot and multi-analyte immunoassays based on the principle that miniaturization leads to an increase in detection sensitivity. These were the first authentic antibody microarrays and showed the potential for miniaturized multiplexed immunoassays to have a major impact on clinical diagnostics. However, it was in the field of genomics where significant advances were first made in the technology of microarrays when high precision liquid handling robotics and optical scanners became available. Completion of the human genome sequencing has led to the development of DNA microarrays with high throughput, reliable processes for mRNA expression profiling, and single-nucleotide polymorphism analysis. In terms of biochemistry and diagnostic utility, it is recognized though that changes at the mRNA level are not necessarily proportional to changes at the protein level because of differences in rates of protein translation and degradation. Additionally, nucleotide tests reveal nothing regarding posttranslational modifications that may be essential to the protein's function; one gene can encode a number of different proteins. Since it is the proteins not the mRNA that control cellular activity, it becomes important to identify the proteins themselves. With much of the technology derived from the earlier genomic microarrays in place, a major increase in effort has been applied in the field of protein microarrays over the last decade. The size of the task for proteomic researchers is considerable; the number of human proteins is judged to be an order of magnitude greater than the \~24,000 protein-coding genes, possibly as many as 10^6^ proteins ([www.ensembl.org](http://www.ensembl.org){#interref123}). Microarrays, with the ability to detect hundreds or thousands of different proteins in a single experiment, provide the tools to address this problem and are being widely used for a variety of applications including drug development and classification, biomarker discovery, patient profiling, therapy monitoring, and diagnostic testing. Since it is the low-abundance proteins that often confer the most significant information, there is a clear need for highly sensitive, specific and accessible high-throughput test platforms for protein detection, quantitation, and differential profiling in health and disease.

Array Formats {#s0115}
-------------

The basic concept of the array is the use of immobilized capture molecules in a definable location (either through spatial position or optical identification) to bind specifically to a single analyte; the presence of different capture molecules allowing the simultaneous assay of multiple analytes in a complex mixture. Over the last decade, a variety of different formats have been devised and have been extensively reviewed in the scientific literature ([@bib66], [@bib194], [@bib165], [@bib70], [@bib71], [@bib235]). Arrays are typically classified into two types: **forward-phase protein microarrays** (**FPPMs**, subdivided into analytical antibody arrays and functional protein arrays) and **reverse-phase protein microarrays (RPPMs)**. See [Fig. 6](#f0035){ref-type="fig"} .FIGURE 6Protein microarray formats. Reverse-phase protein microarrays (RPPMs) can be used to measure distinct sets of parameters in a large collection of tissue or cell lysates or to sample fractions immobilized in an array on a solid support. Forward-phase protein microarray formats (FPPMs) are based on a direct-labeling or a sandwich immunoassay approach and are used for the simultaneous analysis of different parameters from different samples.(The color version of this figure may be viewed at www.immunoassayhandbook.com). Reproduced with permission from [@bib235].

In one form, analytical antibody microarrays function as miniature versions of classic 2-site immunometric assays and use a library of antibodies arrayed onto, e.g., a glass microscope slide, which is then probed with a sample solution and the captured proteins subsequently detected using a second, labeled, antibody directed to a different determinant of the protein. Standard detection methods include fluorescence, chemiluminescence, and colorimetry. Such microarrays are typically used for profiling a complex mixture of proteins to measure binding affinities, specificities, and protein expression levels within a single sample. Antibody microarrays are the most common form of analytical microarray ([@bib13]). While the technique is effective for well-characterized proteins for which good quality antibodies are available, this is often not the case. Avoiding the need for matched pairs of antibodies to each protein of interest, an alternative format simply labels all of the proteins in the sample with, e.g., a fluorescent tag, before incubating with the capture antibodies, an approach that has the advantage of allowing the direct comparison of two samples (e.g., [@bib201]). One drawback of this method is that it is often difficult to label the low-abundance proteins with high efficiency, and it also suffers from reduced specificity through using a single antibody where cross-reactivity may be a problem.

Functional protein microarrays differ from analytical microarrays, being prepared from individual, full-length functional proteins or protein domains and used to investigate the wider protein-binding events of an entire proteome. Different forms of protein interaction can be studied including protein--protein, protein--DNA, protein--RNA, protein--phospholipid, and protein--small molecule ([@bib245], [@bib85], [@bib207]).

With reverse-phase (indirect) microarrays, it is the sample, containing its complex mixture of proteins, that is immobilized on the array and is probed with a specific labeled antibody. The technique was developed to overcome the problem of needing two high affinity, specific antibodies for each protein that was to be studied ([@bib160]). A complex sample of proteins from tissue, cell lysates, or biological fluid is printed on slides, with each slide probed by a different antibody. Within each slide, there can be many different patient samples or serial dilutions of them. In this manner, the technique is highly suited to the screening of large cohorts of subjects in clinical investigations.

Array Manufacture {#s0120}
-----------------

For nucleic acid arrays, the materials have a common chemistry so generic methods can be used for their immobilization regardless of the specific sequence. In the case of proteins, the nature of the surface of the slide and method of immobilization can have a profound effect on the protein conformation, functionality, and stability, hence, many different techniques have been tried in order to maximize binding capacity while maintaining conformation and functionality. With equipment developed for DNA arrays being adaptable to protein microarrays, the selection of microscope slides as supports followed from the ready availability of robotic printers and laser scanners. Using a glass microscope slide as a supporting substrate, many different surfaces have been used including polyvinylidene fluoride ([@bib20], [@bib122]), nitrocellulose, polystyrene ([@bib81]), agarose ([@bib2]), PDMS ([@bib246]), and aldehyde-activated plain glass ([@bib123]). These methods and others such as using a coating of poly-[l]{.smallcaps}-lysine or covalent attachment to the glass surface through silanes or epoxy derivatives, all generate a random orientation of the protein on the slide surface, which, in some cases, can adversely affect the proteins. Affinity tags can avoid such problems, providing a stable linkage in a reproducible orientation. Examples include the use of 6xHis tags on a nickel surface ([@bib244]), *N*-terminal GST tags and maltose-binding protein.

Other, earlier, ways of forming protein arrays included adsorption onto a sSAM of *n*-octyldecyltrimethoxysilane on a silicon dioxide surface previously patterned by UV photolithography into an array of micrometer-sized features ([@bib141]), self-assembly *via* hybridization of RNA--protein fusions to an array of surface-bound DNA capture probes ([@bib223]), spotting onto glass ([@bib185]), gold-coated silicon ([@bib193]), or plastic surfaces, e.g., polystyrene ([@bib100]), electrospray deposition onto aluminized plastic ([@bib9]), and immobilization within arrays of small (e.g., 100µm × 100µm × 20µm) polyacrylamide gel pads on a glass surface ([@bib5]).

For the spotting of proteins or antibodies, two types of robotic microarray printers have been used: contact and noncontact. Contact printers use metal pins to deposit nanoliter quantities of protein or antibody solution by directly contacting the slide, with pin dimensions determining the volume applied. Spotting by solid pins requires replenishment of the fluid for each application; using alternative quill pins with an internal reservoir filled by capillary action allows multiple applications from a single filling and the deposited volume is dependent on the contact time. Noncontact printers release a discrete amount of fluid through conventional ink-jet, piezoelectric pulsing, or electrospray deposition. These latter printers give more precise fluid delivery and hence improve spot-to-spot variation although they normally require a larger sample volume and can sometimes misplace spots ([@bib70], [@bib71]).

Many commercial organizations now supply prefabricated or custom arrays and automated equipment for printing arrays, performing tests, and optical measurement. Examples include Aushon Biosystems ([www.aushon.com](http://www.aushon.com){#interref24}), Arrayit Corporation ([www.arrayit.com](http://www.arrayit.com){#interref25}), Affymetrix ([www.affymetrix.com](http://www.affymetrix.com){#interref26}), Invitrogen Life Sciences ([www.invitrogen.com](http://www.invitrogen.com){#interref27}), GeSim ([www.gesim.de](http://www.gesim.de){#interref28}), Arrayjet ([arrayjet.co.uk](http://arrayjet.co.uk/){#interref29}), RayBiotech ([www.raybiotech.com](http://www.raybiotech.com){#interref30}), R&D Systems ([www.rndsystems.com](http://www.rndsystems.com){#interref31}), and Gentel Biosciences ([www.gentelbio.com](http://www.gentelbio.com){#interref32}). Additional sources can be found at [www.biochipnet.com](http://www.biochipnet.com){#interref33}.

Self-assembling Protein Microarrays {#s0125}
-----------------------------------

One significant problem associated with protein or antibody microarrays concerns their stability: proteins in general and antibodies in particular have widely differing stabilities. Microarrays with hundreds or thousands of deposited proteins are highly vulnerable to the degradation of each protein on an individual and uncontrolled basis. In contrast, nucleic acid-based arrays are extremely stable. Taking advantage of this, [@bib75], [@bib74] generated a **protein *in situ* array (PISA)**---proteins were expressed directly from DNA and become attached to the array surface as they are made through recognition of a tag sequence or binding of histidine-tagged nascent proteins to the nickel-coated surface of a slide. Further improvements have been made by transcription and translation from an immobilized DNA template (rather than the solution used with PISA). The **nucleic acid programmable protein array** uses biotinylated cDNA plasmids encoding the proteins as GST fusions, printed onto an avidin-coated slide together with anti-GST antibody for protein capture ([@bib167]). The expressed proteins thus become immobilized in the same layout as the cDNA. In another advance devised by He and coworkers ([@bib76]), protein expression is performed in a membrane held between two glass slides, one of which is arrayed with DNA and the other carries a reagent to capture the translated proteins. Tagged proteins are expressed in parallel and migrate to the second slide to be immobilized, forming the protein array as a mirror image of the DNA array. This approach has the advantages that the resulting array is free of the DNA itself and can be used repeatedly to generate copies of the array; at least 20 repeats have been reported.

Sources of Antibodies for Microarrays {#s0130}
-------------------------------------

The availability of a specific antibody for each human protein would in theory allow the profiling of the entire human proteome, and a number of initiatives in recent years have aimed to provide sets of characterized and harmonized binders, but the importance and scope of the work are beyond the capabilities of a single organization or even country. ProteomeBinders ([@bib209]; [www.proteomebinders.org](http://www.proteomebinders.org){#interref34}, [@bib205]), and its follow-up study AffinityProteome, integrate and coordinate the efforts of a number of European initiatives, including the Antibody Factory (Germany, [www.antibody-factory.org](http://www.antibody-factory.org){#interref35}) and within the Human Proteome Organization ([www.hupo.org](http://www.hupo.org/){#interref36}), the Antibody Resource database ([www.antibodypedia.org](http://www.antibodypedia.org/){#interref37}) aims to produce a comprehensive catalog of validated antibodies to human proteins. Similarly, the US National Cancer Institute has set up the Clinical Proteomics Reagents Resource to develop monoclonal antibodies to cancer markers, particularly low abundance markers ([www.proteomics.cancer.gov](http://www.proteomics.cancer.gov){#interref38}). While these programs are ambitious, they are technically feasible and offer significant scientific and economic rewards.

Detection Strategies {#s0135}
--------------------

The detection methods employed with protein microarrays are analogous to those used in conventional immunoassays. In microarray-based enzyme immunoassays, enzyme-labeled conjugates are detected using colorimetric ([@bib9]), fluorometric ([@bib78]), and chemiluminescent signal detection systems ([@bib86]).

Fluorescent labels such as the Cy3 and Cy5 dyes are popular due to the common availability of reagents and microarray laser scanners that first found use with cDNA and oligonucleotide assays. In what has become a conventional technique for directly comparing samples, the use of these dyes is illustrated in a study by [@bib201] comparing the proteomic signatures of pooled normal and cystic fibrosis sera. See [Fig. 7](#f0040){ref-type="fig"} .FIGURE 7Antibody microarray analysis comparing pooled sera samples: pooled sera were reacted with Cy3 or Cy5, respectively, mixed together and applied to the microarray. The inversely labeled samples were applied to the other array. Proteins that are elevated in one source compared to the other either fluoresce green or red, while proteins with similar levels in both samples appear in yellow. The data from the two slides are averaged to calculate individual protein ratios or normalized to the array medians to calculate absolute levels of individual proteins. Note that red spots on one side correspond to green spots on the other as the dyes are interchanged between the samples.(The color version of this figure may be viewed at www.immunoassayhandbook.com). Reproduced from [@bib201] with permission from Elsevier.

Semiconductor **Q-dot** labeling, which offers higher quantum yields, resistance to photobleaching and wide Stokes shift, has also been applied to protein microarrays and gave improved signal:noise ratios compared to conventional fluorescent labels ([@bib238]). Magnetic nanotags have also been proposed as alternatives to fluorescent labels for multiplexed protein arrays with claims of analytical sensitivity extending into the low femtomolar concentration ([@bib154]).

Increased sensitivity can be achieved in microarray immunoassay by using the **Rolling Circle Amplification** technique to amplify an oligonucleotide primer covalently linked to a detection antibody. When combined with fluorescent detection of the amplified oligonucleotide, it has proved possible to detect signals from individual antigen:antibody complexes on a microarray and achieve highly sensitive assays (e.g., detection of 0.1pg/mL PSA, and 1pg/mL IgE) ([@bib185]). When applied to the simultaneous measurement of 75 cytokines on glass arrays, 45 of the cytokines could be detected at a sensitivity of ≤10 pg/mL ([@bib184]). Another signal amplification technique that has been used in protein microarrays is tyramide signal amplification (also known as **catalyzed reporter deposition technique**), which uses an HRP label to catalyze the conversion of a fluorescent tyramide derivative to a reactive intermediate that binds to adjacent tyrosine residues on the probe ([@bib212]).

Regardless of the type of label, one disadvantage of label-dependent detection is the tendency for the label itself to modify the binding properties of the molecule to which it is attached. To overcome this weakness, a number of label-free detection techniques have been developed recently which have the added advantage of allowing the monitoring of the kinetics of protein microarray-binding reactions in real time. Examples of these techniques are summarized in [Table 7](#t0040){ref-type="table"} . Of these, SPR has received the most attention and is a mature technology. For the remainder, SPRi, carbon nanowires and nanotubes (CNTs), and interferometric and ellipsometric techniques have also attracted significant attention and offer both high sensitivity and a high level of multiplexing capability but are still presently at the research level.TABLE 7Label-free Detection Methods for Protein MicroarraysTechnique and PrincipleExample ApplicationsSPR. Measures changes in refractive index of the medium in contact with a metal surface, typically a thin film of gold on a glass slide.High-throughput affinity ranking of antibodies from a phage display library ([@bib220]).SPRi. Allows the simultaneous monitoring of multiple biomolecular interactions. The entire chip surface is illuminated, and the reflected light is captured from each spot by a CCD camera, providing real-time kinetic data from each.Monitoring of the binding of autoantibodies from sera of rheumatoid arthritis patients ([@bib120]).Nanohole array. Surface plasmons on both sides of a metal surface resonantly couple through sub-wavelength holes.Demonstrated the simultaneous monitoring of 25 binding reactions between GST and GST antibodies ([@bib96]).Ellipsometry. Measures changes in the polarization state of incident light, which depends on the dielectric properties and refractive index of the film.A protein array in conjunction with a microfluidic system to screen for antibody--antigen interactions, measuring five markers of hepatitis B ([@bib219]).Oblique incidence reflectivity difference (OI-RD). A form of ellipsometry in which the harmonics of modulated photocurrents are measured; changes in thickness or dielectric response due to a protein binding yields a detectable signal. Suitable for conventional glass slides.Application to end point and real-time investigations of DNA--DNA hybridization, antibody--antigen capture, and protein--small molecule-binding reactions ([@bib247]).Spectral reflectance imaging biosensor. An optical interference technique whereby changes in optical index as a result of capture of biological material on the array surface are detected using optical wave interference.Demonstrated with an array of 25 spots, each of four proteins binding to antibodies: BSA, HSA, rabbit IgG, and protein G ([@bib156]).Dual channel BioCD. Simultaneous detection of mass and fluorescence on a spinning disc format measuring interferometry and fluorescence.Demonstrated an array of 6800 anti-rabbit IgG/anti-mouse IgG spots ([@bib218]).Arrayed imaging reflectometry. Depend on the destructive interference of polarized light reflected off a silicon substrate. Measures small localized changes in optical thickness of a thin film.Detection of human proteins in cellular lysate and serum ([@bib124]).Scanning Kelvin nanoprobe. The Kelvin probe force microscope detects regional variations in surface potential across a substrate of interest, typically gold. Has advantage of being a noncontact technique capable of high-speed measurement of high-density arrays.Demonstrated the formation of antigen--antibody pairs with high sensitivity and reproducibility ([@bib195]).Atomic force microscopy (AFM). High-resolution scanning probe microscope detects vertical and horizontal deflections of a cantilever.The most commonly used technique in the family of scanning probe microscopes. For example, the use of AFM for label-free protein and pathogen detection ([@bib89]).CNTs. Binding of target proteins to the functionalized surface leads to detectable changes in the electrical conductance of the device.The use of single wall CNTs in a label-free immunosensor for the detection of PSA ([@bib153]).Microcantilevers. Silicon-based gold-coated surfaces suspended horizontally from a solid support are deflected due to biomolecular interactions with detection either optically through measurement of the change in reflection angle or electrically using a metal oxide semiconductor FET.Antigen--antibody-binding assays ([@bib237]).Adapted from [@bib250]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

Mass spectrometry (MS) techniques have also been applied to microarray immunoassays and, as part of biomarker discovery programs, technology platforms have been developed based on **matrix-assisted laser-desorption/ionization time-of-flight** (**MALDI-TOF**) **MS** ([@bib59], [@bib83], [@bib50]) and **surface-enhanced laser-desorption/ionization time-of-flight** (**SELDI-TOF**) **MS** ([@bib93], [@bib214]). In both methods, proteins to be analyzed are co-crystallized on an array with UV absorbing compounds and vaporized by a pulsed-UV laser beam. The ionized protein fragments are then accelerated in an electric field and identified from the velocities, which are characterized by different mass/charge ratios. The two techniques differ in construction of the sample targets and analyzer design. These methods provide protein patterns for each sample and have been used extensively in the search for new biomarkers. Qualification and verification of candidate biomarkers have proved more of a challenge though and a further MS technique has emerged that offers significant potential for accelerating this process. In **multiple reaction monitoring-MS** (**MRM-MS**) on a triple quadrupole mass spectrometer, parent peptide ions of target proteins selected by their mass/charge ratio are subjected to further collision-induced dissociation for monitoring of selected fragments. By using standards of synthetic, stable isotope-labeled versions of the signature proteotypic peptides in the sample (**stable isotope dilution**, **SID-MRM-MS**), it is possible to quantify the test and provide near-absolute structural specificity ([@bib106]). A limitation of sensitivity of the method arising from sample complexity (serum) and the presence of high-abundance proteins can be overcome by incorporating immunocapture into the process: the **SISCAPA** ^®^ (**stable isotope standards with capture by anti-peptide antibodies**) method ([@bib4]) is effectively a conventional immunometric (sandwich) immunoassay, replacing the labeled antibody with an MS technique achieving a low nanograms per milliliter limit of quantitation and CVs \<20%.

Bead-Based Microarrays {#s0140}
----------------------

In planar arrays, it is the spatial position within the array that provides the identification of the analyte. In **bead-based microarrays**, reagent coupled bead sets are used where each set can be identified through the color, size, shape, or other coding on each type of bead within the set. The reagent-specific micron-sized beads are pooled to provide multiplexing capability and incubated with samples using protocols analogous to those of conventional immunometric assays. Detection is through the use of fluorescent-labeled antibodies to each analyte or with fluorescent-labeled streptavidin and biotin-tagged antibodies. After washing, the bead suspension is processed through a form of flow cytometer that identifies the beads and measures fluorescence from the bound immunocomplex. These bead-based assays are robust and flexible and can easily be automated with the use of standard laboratory fluid-handling systems to give performance that is comparable with conventional ELISAs ([@bib105]).

The most popular bead-based platform has been Luminex's **xMAP** ^®^ technology, which uses 100 different color-coded 5.6 micron diameter bead sets, and an instrument that measures fluorescence at two wavelengths to firstly identify from which bead set each individual bead is from and secondly to quantify the bound immunocomplex. The open architecture system allows researchers to set up their own multiplex assays or select from a wide range of commercially available kits from Luminex^®^ or one of their partner organizations ([www.luminexcorp.com](http://www.luminexcorp.com){#interref39}). In additional updated systems, Luminex offers an expanded 500 different bead sets in their FLEXMAP 3D^®^ system and a more compact MAGPIX^®^ system based on color-coded magnetic microspheres with fluorescent image detection using LEDs and a CCD camera replacing the lasers and photomultipliers of the flow cytometry system. *See* M[icrosphere-]{.smallcaps}B[ased]{.smallcaps} M[ultiplex]{.smallcaps} I[mmunoassays:]{.smallcaps} D[evelopment and]{.smallcaps} A[pplications]{.smallcaps} U[sing]{.smallcaps} L[uminex xMAP]{.smallcaps} T[echnology.]{.smallcaps}

Other bead-based systems include the **Cytometric Bead Array (CBA)** from BD Biosciences ([www.bdbiosciences.com](http://www.bdbiosciences.com){#interref40}) that uses 30 different spectrally identifiable bead sets, the **FlowCytomix**™ multiplexed immunoassay kits from eBioscience that have 20 bead sets distinguished by a combination of size and dye intensities ([www.ebioscience.com](http://www.ebioscience.com){#interref41}), and Enzo Life Sciences similar **MultiBead**™ immunoassay kits ([www.enzolifesciences.com](http://www.enzolifesciences.com){#interref42}).

In an alternative configuration, the BioArray Solutions **BeadChip**™ system from Immucor uses spectrally distinguishable bead types, but before running the test, the bead mixture is immobilized as a monolayer on a silicon chip and after removing unbound detection conjugate at the end of the assay, the array is read in a dedicated imaging system ([www.immucor.com/bioarray/](http://www.immucor.com/bioarray/){#interref43}). Illumina's **BeadXpress**™ and **VeraCode**™ technology uses cylindrical glass microbeads (240 µm length, 28 µm diameter), holograph coded, as the solid phase for their multiplexed system, with the beads being collected on a grooved plate for reading of the code to identify the bead type and the fluorescent intensity from bound immunocomplex ([www.illumina.com](http://www.illumina.com){#interref44}). Although originally developed for DNA analysis, Illumina provides carboxyl-derivatized glass bead sets for users to develop their own immunoassays.

The relative merits of bead and planar microarrays have been debated within the research community with advocates of the planar variety claiming a greater level of multiplexing (up to tens of thousands of tests on a single array), ease of handling, low NSB, use of commonly available laboratory equipment, and the possibility of using different labels or label-free detection. While bead microarrays are more limited in their multiplexing possibilities, with practical limits in the region of 50 analytes within a test mix before test specificity becomes a problem, they have an advantage of the capability for independent quality control of each bead set and thus are more suited to the verification and validation requirements of tests used in clinical diagnosis following FDA clearance.

Applications {#s0145}
------------

Since the operational versions of high-density protein or antibody microarrays were first brought to use ([@bib123], [@bib245]), they have become robust and stable platforms for protein expression profiling, biomarker identification, disease profiling, antibody characterization, and clinical diagnosis and have become essential tools in proteomics research.

Protein microarrays enable the parallel quantification of hundreds of proteins from small sample volumes, providing researchers with the ability to compare concentration patterns between patients with a particular disease and control patients. The majority of disease specific proteomic studies have been performed on samples from patients with cancer. Some examples of this very active area include studies on lung cancer ([@bib58]) using an 84-antibody array to demonstrate discrimination between lung cancer patients and controls; breast cancer ([@bib186]) using 8 proteins on 149 carcinoma samples to evaluate survival correlations; breast cancer again ([@bib181]) using 54 proteins to identify a group of five that could be used to distinguish specific subgroups of patients; thyroid cancer ([@bib117]) where the plasma patterns of 19 cytokines, chemokines, and growth factors were used to identify five of these that could be used to discriminate between malignant and benign thyroid conditions; and bladder cancer ([@bib177]) using an antibody array with 254 different antibodies to discriminate cancer patients from controls with a 94% classification rate. Many studies have been performed on patients with ovarian cancer, including studies on phospho-specific antibodies ([@bib227]); a 6-plex assay to screen patients with ovarian cancer that showed 95.3% sensitivity and 99.4% specificity within a population of 156 newly diagnosed ovarian cancer patients and 362 healthy subjects ([@bib213]), and a study by [@bib88] using a 5005 protein microarray to identify autoantibody sets capable of recognizing 94 antigens in the sera of patients with ovarian cancer and selecting two antigens that in combination performed better than CA125 alone in identifying ovarian cancer. Prostate cancer has also received considerable attention with many microarray studies performed including the use of reverse-phase protein arrays for following disease progression ([@bib160]); a microarray of 184 antibodies used to examine 33 prostate cancer sera and 20 controls, identifying five proteins with significantly different levels in the two cohorts ([@bib138]) and a study by [@bib187] that indicated that thrombospondin-1 could differentiate between benign and malignant disease---despite not correlating with PSA.

Other examples of clinical applications include a study on 400 serum samples from a severe acute respiratory syndrome outbreak using a coronavirus protein microarray with 82 proteins to demonstrate that protein microarrays can be used for large-scale identification of virus-specific antibodies in sera ([@bib242]), and work by [@bib17], evaluating 17 cytokines as sepsis-specific biomarkers to identify those that correlated with organ dysfunction.

Many commercial microarray products are now available for research use including protein and antibody arrays for, e.g., cytokines, chemokines, tumor markers, and growth factors. [Table 8](#t0045){ref-type="table"} lists examples of commercial planar microarray systems that are available for research use.TABLE 8Examples of Commercially Available Planar Microarray Systems for Research UseCompanyProductsArrayitPlasmaScan antibody arrays, custom protein arrays, and reverse-phase arrays. OvaDx^®^ ovarian cancer test for presymptomatic screening (PMA submission pending)Aushon BiosystemsSearchLight multiplexed immunoassays for cytokines, chemokines, angiogenesisClontech LaboratoriesAntibody 380 array for disease profiling and Microarray 500 for general profilingFull Moon BiosytemsAntibody arrays for angiogenesis, apoptosis, oncology, cytokines, and related proteins and phosphorylation profilingGentel BiosciencesSilverQuant^®^ Profiling antibody arrays for angiogenesis, apoptosis, inflammation, oncology markers, cytokines, and related proteinsHypromatrixSignal transduction and apoptosis antibody arrays, custom arraysInvitrogenProtoArray^®^ 9000 proteins for protein--protein interactions and autoantibody profilingMeso Scale DiscoveryMULTI-ARRAY^®^ multiplexed immunoassay panels for cardiac markers, growth factors, oncology, diabetes, Alzheimer's diseasePanomics (Affymetrix)Cytokine and angiogenesis antibody arraysProtein BiotechnologiesSomaPlex™ tissue lysate protein microarrays for oncology, cardiovascular, and diabetesQuansys BiosciencesQ-Plex™ multiplexed immunoassays for cytokines, angiogenesis, chemokinesR&D SystemsProteome Profiler antibody arrays for cytokines, phosphokinases, angiogenesis, kidney biomarkersRandoxEvidence^®^ Biochip multiplexed immunoassays for cytokines, fertility, oncology, thyroidRayBiotechRayBio^®^ protein arrays, 234 proteins for protein--protein angiogenesis, and growth factor interactions and autoantibody profilingSigma AldrichPanorama^®^ antibody microarray---Xpress Profiler 725. 725 antibodies for protein expression profiling.Spring BiosciencesAntibody arrays for angiogenesis, apoptosis, oncology, cell cycle, signal transductionWhatmanFAST Macro^®^ cytokine antibody arrays

Bead-based systems are dominated by the Luminex xMAP and MAGPIX systems. For research use, there is an extensive menu of tests available from Luminex or their partners (including Millipore, R&D Systems, Bio-Rad, Invitrogen, Innogenetics, Inverness Medical, Rules-based Medicine, Affymetrix, and Zeus Scientific) covering panels for autoimmune diseases, cardiac markers, inflammatory disease, apoptosis, cellular signaling, cytokines, chemokines and growth factors, endocrine, metabolic markers, and neurobiology. From other suppliers of bead-based systems there are commercially available research use products for adhesion molecules, cytokines, chemokines on BD Bioscience's CBA system, cytokines, chemokines, adhesion molecules, cardiovascular markers and obesity markers on eBioSciences FlowCytomix system, and cytokines and custom designed panels on Enzo Life Sciences MultiBead™ system.

FDA-cleared or European CE-marked multiplexed arrayed products are more limited and thus far are restricted to panels of tests for analytes that already have clearance as individual tests. The Luminex multiplex systems lend themselves to applications for which clinical diagnosis requires the results from a relatively small number of tests and the list of currently available tests for clinical use reflects this, being dominated by tests for autoimmune and infectious diseases ([Table 9](#t0050){ref-type="table"} ).TABLE 9FDA-Cleared Microarray SystemsCompanyProductsAlere/Zeus ScientificAtheNA Multi-Lyte^®^ multiplexed immunoassays based on Luminex xMAP technology: ANA, thyroid autoimmune, and infectious diseasesBio-Rad LaboratoriesBio-Plex multiplexed immunoassays based on Luminex xMAP technology: ANA autoimmune panel, infectious diseases (EBV), syphilisBiomedical Diagnostics (BMD)Immunoassays based on Luminex xMAP system: celiac autoimmune panel, thyroid, vasculitisFocus DiagnosticsPlexus™ Multiplexed serology tests for HSV 1 and 2, and EBV based on Luminex xMAP technologyImmucor (BioArray Solutions)BeadChip™ ENA autoimmune panelINOVA DiagnosticsQUANTAPlex^®^ immunoassays based on Luminex xMAP system: autoimmune panels, ENA, SLE, ANCA, celiacRandoxEvidence Biochip Array for drugs of abuse

Outlook for Microarrays in Clinical Diagnostics {#s0150}
-----------------------------------------------

The capability for simultaneous analysis of hundreds or thousands of protein interactions offers major advances in biomarker discovery programs but despite the potential, the yield has been disappointing. The rate of introduction of new protein analytes into routine clinical use has averaged only 1.5 per year over the last 15 years ([@bib3]) with researchers offering explanations including a lack of effective technology platforms for verification in large sample sets, limited access to clinical samples, and an absence of a defined, coherent biomarker development pipeline ([@bib172]). An alternative view ([@bib225]) suggests that the lack of new products available to the clinical laboratory is a reflection of industry risk avoidance, an academic focus on discovery and a lack of understanding by researchers of the high standards of robustness and reproducibility required to satisfy the regulatory agencies. This latter point has been accepted by the proteomics research community and in an effort to close the gap between candidate biomarker discovery and clinical utility, there have been several initiatives to try to remove the uncertainty among translational researchers as to the specific analytical measurement criteria needed to validate protein-based multiplexed assays. In this context, the US National Cancer Institute's Clinical Proteomic Technologies for Cancer initiative (NCI-CPTC) ([proteomics.cancer.gov](http://proteomics.cancer.gov){#interref45}) has proposed a preclinical verification stage in the biomarker pipeline, partnering with clinical laboratory organizations to develop common standards, and working closely with the FDA to educate the proteomics community with regard to evaluation requirements ([@bib173], [@bib15], [@bib16]). As part of this process, members of the NCI-CPTC prepared two mock presubmissions of protein multiplexed assay descriptions to the Office of *in vitro* Diagnostic Device Evaluation and Safety, US FDA, for feedback ([@bib169]). The guidance given included the need to give adequate attention to an understanding of potential failure modes that affect robustness and reliability and to take care in the selection of appropriate intended use populations relative to the collection and testing of specimens during validation.

The availability of multiple test results from a single sample presents new challenges in terms of quality control, whether the results are reported individually or fed into an algorithm to produce a single result as a **multivariate index assay** (**IVDMIA**). An array may provide for the results from hundreds or thousands of analytes, but the conventional laboratory protocols for daily monitoring of high, mid, and low analyte level control performance becomes impractical, particularly for planar arrays ([@bib135]); the greater the degree of multiplexing the greater the problem. In the event of one (or more) analytes giving a response outside of the expected range, consideration has to be given as to how all the results of the other analytes should be handled. There are also issues to contend with regarding the release (or not) or unrequested results that have commercial, ethical, and legal implications---all of which need to be addressed before tests can be commercialized. The scale of these problems is much more limited with bead-based microarrays, particularly if multiplexing is limited to a relatively small number of analytes---hence, the current menus for FDA-cleared bead-based tests being dominated by panels of tests for autoimmune and infectious diseases. Larger scale multiplexing, such as utilized by the VeriPsych test from Rules Base Medicine measuring a panel of 51 protein markers to aid schizophrenia diagnosis, is presently limited to tests classified as Laboratory Developed Tests rather than the wider usage permitted with FDA clearance.

For new biomarker discovery, in which each of the proteomics technologies is likely to play a role, there is no single technology that can provide high levels of multiplexing, high sensitivity, and specificity with a level of robustness and reliability comparable with today's clinical laboratory analyzers. In likelihood, a combination of immunoaffinity/mass spectrometric and antibody microarray techniques will provide the relevant tools within a structured biomarker development program.

In terms of clinical usage, there now exists the opportunity for multiplexed protein panels, with interpretation algorithms, to provide patient specific baselines such that the monitoring of a medical condition can be truly personalized rather than by comparison to a population-based reference interval. Such an approach may allow the detection of smaller changes in the pattern of proteins in a sample and thus an earlier indication of disease-related change. In considering the possibility of microarrays competing with existing laboratory analyzers, it should be noted that the existing systems can easily increase throughput by requesting further tests from a sample to be run in sequence. Diagnostic companies are unlikely to invest heavily in the development of new multiplexed systems until there are further benefits to be gained from multiplexing, such as that expected from IVDMIAs or where sample volume is very limited.

Conclusions {#s0155}
===========

This chapter has illustrated the considerable research effort that has gone into addressing the objectives of miniaturization of immunoassay, and the success that has been achieved, particularly from the innovative analytical science that has been applied to the solution of a wide range of challenges. However, ultimately success and the true measure of innovation are judged by the level of adoption into the application sectors for which the technology was intended. Ultimate success depends on clear definition of the problem being addressed, as well as the capability of the end-user organization to adopt the solution. At the present time, adoption of the LOC concept has been greater in the research setting than in any other setting. While clinical diagnostics have been highlighted in the foregoing discussion, there may be other arenas where application of both LOC and POC testing offers potential benefits, e.g., in environmental, food, and material authenticity testing. Speed, simplicity, and mobility are all desirable attributes, while financial and environmental issues are equally applicable to all modalities of testing. There is no doubt that it is in these markets that the greatest volume of applications are to be found. However, we know from the experience of POC testing (*see* P[oint]{.smallcaps}-[of]{.smallcaps}-C[are]{.smallcaps} T[esting]{.smallcaps}) that adoption has been slow, and furthermore, barriers to the adoption of new technologies in health care have been acknowledged. One of the key barriers is a poor understanding of the unmet need that might be addressed by the new technology. While it might be self-evident that an analytical device should address an unmet need, it is recognized in clinical diagnostics that there is significant over-requesting of tests, which is probably encouraged by the predominance of the fee-for-service business model.

Furthermore, there is a lesson to be learned from the evolution of central laboratory analytical technology, where the early approach to "scope" was through the development of the "multichannel analyzer." It became evident after wide adoption of this technology that patients were being tested for analytes (or biomarkers) that were not necessarily relevant to their condition. This raised two issues. First, whether the patient (or the insurer) should have to pay for tests not required and second, a proportion of abnormal results were reported that were not relevant to the clinical condition being investigated. The consequence of this experience was the development of the discretionary analyzer, with a greater emphasis on "relevant" biomarkers or "groups of biomarkers." Consequently, while scope is a major attribute of the LOC concept, it presents a greater challenge to formulating the right "group of biomarkers" and demonstrating clinical utility. The ethical issues surrounding the generation of results not requested, referred to in the earlier discussion also has to be considered, as well as the growing demand for evidence of clinical utility as part of the patient demand for an improved quality of health care service.

Thus, while the proof of principle for LOC diagnostics has been achieved, the routine application lags behind. There may be something else that can be learned from POC testing; while adoption is slow because of the failure to make a good business case and an inability of the customer organization to make the change in clinical practice associated with the introduction of a disruptive technology, several of the scenarios in which tests might be used involve more than one test. As a consequence, single analyte POC testing can begin to appear time consuming at the POC, when a small number of tests have to be performed sequentially on one patient. However, while the LOC solution might be the right answer, the challenge will lie in the choice of tests to be run in parallel, as many tests can appear in a number of clinically relevant menus; furthermore, these disease-related menus are not always limited to analytes measured using immunoassay principles.

This therefore raises two further issues. First, can LOC devices embrace more than one analytical technology? Second, will the real strength of the LOC device of choice lie in the flexibility of the manufacturing, and the ability to produce a portfolio of multi-analyte disposable devices, in which the portfolio is customer dependent?

There is no doubt that microscale analytical devices have huge potential for application in a wider range of settings. Furthermore, many of the customer needs, particularly in the range of analytes of interest, have been proven in a developmental setting. The translation, however, into the setting for which a miniaturized device is best suited---a mobile setting with immediacy of response, and requiring no technical expertise---remains a challenge in relation to demonstration of a robust device, and a test/analyte configuration that meets individual customer's needs.
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[^1]: Reviews: [@bib98], [@bib145], [@bib221].
